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REMARKS 



This is being filed in response to the Office Action dated November 3, 2004 along 
with a Request for Continued Examination and two month extension of time. Claims 38 and 
44-46 are currently pending. 

Applicants note, with appreciation, that the Examiner has withdrawn the rejection of 
claims 38, and 44-46 under 35 U.S.C. §112, second paragraph, and the rejection of claims 38, 
and 44-46 under 35 U.S.C. §112, first paragraph (enablement). 

Applicants also note that the rejection of claims 38, and 44-46 under 35 U.S.C. §1 12, 
first paragraph (new matter), and under 35 U.S.C. § 102(e) over U.S. Patent No. 6,054,132 to 
Cover et al. ("Cover I") have been withdrawn and modified in the instant Office Action. 
Further, the rejection of claims 38, 44-46 under 35 U.S.C. §102(b) over Cover et al (1992) J. 
Biol Chem. 267:10570-10575 ("Cover II") has been withdrawn and modified in the instant 
Office Action. 

Applicants will submit a terminal disclaimer to obviate the obviousness-type double 
patenting rejection upon receipt of a Notice of Allowability. 

Claims 38, 44-46 have been amended to include the feature that the polypeptide or the 
fragment are immunologically identifiable by an antibody that reacts specifically with H. 
pylori cytotoxin and exhibit no cytotoxic activity or reduced cytotoxic activity. This 
language was added merely to clarify what was originally intended by the claims. The 
amendment is not considered to change the scope of what was originally intended, just to 
make the feature clearer. Claims 38 and 44-46 have also been amended to include the feature 
that the polypeptide or polypeptide fragments are purified. Support for the amendment may 
be found, for example at page 16, lines 19-29. Finally, claims 38 and 44-46 have been 
amended to include the feature that the polypeptide fragments are recombinant. Support for 
the amendment may be found, for example at page 7, lines 38-39 through page 8, lines 1-12. 
No new matter is added. 



Upon review of the instant Office Action, it is apparent that a review of the overall 
technology may be helpful in understanding the scope of the claimed invention. The CT 
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Toxin of Helicobacter pylori was identified as an 87 kDa protein that has cytotoxic activity. 
That is, the protein caused vacuolization and cell death. However, the Applicants have 
discovered that the cytotoxic protein is actually a 100 kDa protein with cytotoxic activity and 
the 87 kDa protein identified was probably a degraded fragment of the 100 kDa protein or a 
further processed fragment of the 100 kDa polypeptide. Applicants have discovered that the 
full-length precursor protein is actually approximately 140 kDa. This 140 kDa protein has 
the amino acid sequence of SEQ ID NO:3 and requires proteolytic processing to generate the 
cytotoxic protein. Thus, the polypeptide having the amino acid sequence of SEQ ID NO:3 is 
not itself cytotoxic. The Applicants have also described that the full-length precursor protein 
(SEQ ID NO: 3) may be used as an immunogen to generate antibodies that also recognize the 
cytotoxic protein. In addition, protein fragments may also be used to generate antibodies that 
bind the cytotoxic protein, but which peptides are not cytotoxic themselves. Clearly, the goal 
is to administer a non-cytotoxic form of the protein (either a precursor or non-cytotoxic 
fragments) so antibodies could be generated without causing an untoward effect in the 
subject. 

The claims are drawn to reflect that the isolated polypeptides used in the 
immunogenic compositions are either the precursor or non-cytotoxic fragments, and are 
"immunologically identifiable" with the cytotoxic form of the protein. With this overall view 
in mind, Applicants address the Office Action as follows. 

New Matter 

The Office Action maintains the rejection of claims 38 and 44-46 as allegedly 
containing new matter. The Examiner asserts that page 5, lines 3 1-39 of the Specification 
teaches that the polypeptide having the amino acid sequence of SEQ ID NO:3 has cytotoxic 
activity and causes vacuolization and death of a number of eukaryotic cell types. This is not 
true, and is a misreading of that passage. 

The Specification teaches at page 5, lines 31-39 that the term cytotoxin or toxin is a 
general term referring to the protein of Helicobacter pylori. However, this passage clearly 
teaches that the precursor protein (which has the amino acid sequence of SEQ ID NO:3) is a 
protein of 140 kDa and the proteolytic fragment has cytotoxic activity (by clear implication 
and generally accepted terminology in the art, the precursor does not have such activity). 
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Further, the protein that causes vacuolization and cell death has been purified from H. pylori 
culture supernatant fluids. As described on page 6, lines 1-1 1, it is the processed fragment 
which is recovered from supemates that has cytotoxic activity and that the applicants are the 
ones who, for the first time, discovered that the cytotoxin is actually a processed portion of a 
much larger precursor protein. One of skill in the art would understand that the precursor 
protein (having the amino acid sequence of SEQ ID NO:3) would not be cytotoxic until 
processed, thus, the polypeptide of SEQ ED NO:3 would not have cytotoxic activity. 

Vinion-Dubiel, A.D. et al (1999)7. Biol Chem. 274(53):37736-37742 ("Vinion- 
Dubiel") (copy enclosed for the Examiner's convenience) reported a mutant VacA cytotoxin 
of H. pylori which lacked a region of the amino terminus (A6-27) and not only lacked 
vacuolation activity, but it exerted a dominant negative effect on wild-type cytotoxin. It was 
later shown that the mutant lacked three tandem GXXXG motifs which were necessary for 
dimerization of the VacA subunits within membranes and formation of anion channels 
(McClain, M.S. et al. (2003) J. Biol Chem. 278:12101-12108) (copy enclosed for the 
Examiner's convenience). Reyrat J.-M. et al (1999) J. Mol Biol 290:459-470 ("Reyrat") 
(copy enclosed for the Examiner's convenience) showed that a large deletion of the cytotoxin 
(A9 1-330) resulted in an inactive protein. Additionally, Genisset, C. et al "A Helicobacter 
pylori Vacuolating Toxin Mutant (VacA A49-57) Which Fails to Form Oligomeric Structures 
Presents a Dominant Negative Phenotype" to be submitted ("Genisset") (copy enclosed for 
the Examiner's convenience) demonstrates yet another mutant cytotoxin that has reduced or 
no cytotoxic activity. These investigators prove that the cytotoxin of H. pylori may be altered 
genetically to produce a cytotoxin that has substantially reduced or no cytotoxicity. This was 
first taught in the Applicants' specification, and has now been borne out by these 
investigators work. 

The specification also clearly teaches that a polypeptide that is "derived from" a 
particular nucleic acid sequence is one that has an amino acid sequence encoded by the 
nucleic acid, is a portion of the encoded sequence, or is immunologically identifiable with a 
polypeptide encoded in the sequence. One of skill in the art would clearly understand that 
these are not mutually exclusive, despite the Office Action's overemphasis of the word "or." 
That is, one of skill in the art would appreciate that not all fragments of the encoded sequence 
would necessarily be immunologically identifiable with the encoded sequence. Thus, the 
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conjunction "and" would be inappropriate to express the idea the Applicants convey in the 
specification. This is merely an attribute of the encoded polypeptides and certain polypeptide 
fragments would be immunologically identifiable with the encoded sequence. All the 
immunologically identifiable fragments would be at least 3-5, 8-10, or 11-15 amino acids in 
length. How could it be otherwise? 

Finally, the Examiner is not persuaded that the original claim 8 supports the subject 
matter that the polypeptides have the two functional aspects of being immunologically 
identifiable with antibodies that react specifically with the full-length protein (SEQ ID NO: 3) 
and which have no or reduced cytotoxicity. This is puzzling. Original Claim 8 depends from 
original claim 2 or 3 which claim a polypeptide that is the cytotoxin, the precursor of the 
cytotoxin, a derivative of the cytotoxin, or fragment of the cytotoxin. Claim 8 adds the 
limitation that the polypeptides have no toxicity or substantially reduced cytotoxicity. 
Therefore, the claims, as originally filed, clearly contemplated the precursor and fragments of 
the polypeptide having no or reduced cytotoxicity. As discussed above, the portions of the 
amino acid sequence were also said to include those that were immunologically identifiable 
with the encoded protein. Applicants earnestly and strongly urge the Examiner to reconsider 
her position and withdraw this ground of rejection. 

U.S. Patent No. 6,054,132 to Cover et al. ("Cover I") 

The Office. action notes that the claims do not require that the polypeptides be 
"purified" and that the claims do not recite that the polypeptides have "substantially no 
cytotoxicity or substantially reduced cytotoxicity." The claims are herein amended to include 
these features. 

The Examiner points out that the Cover I specification states at Col. 2, lines 40-44 
that "one such embodiment is antigenic fragments of the CB antigen." The Examiner further 
states that "the term CB antigen includes 'antigenic fragments of the holotoxin, whether 
derived from H. pylori or synthetically or recombinantly produced.'" However, the 
Examiner has ignored the full description of the term "CB antigen." Cover clearly states at 
Col. 2, lines 37-38 (the sentence immediately preceding the passage quoted by the 
Examiner): "The term CB antigen is defined as the functionally active non-denatured 
vacuolating toxin" (emphasis added). Thus, antigenic fragments must also be functionally 
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active otherwise the definition of CB antigen can mean something other than how it is 
specifically defined. The Examiner cannot change the Patentee's definition of CB antigen for 
the purposes of a rejection by reading different parts of the specification in isolation. Further, 
the Examiner states that one such antigenic fragment is the 23 amino acid fragment shown in 
Table 2. This is just plain wrong. 

As explained in the previous response, the "fragment" in Table 2 is simply a sequence 
that is compared to a similar amino acid sequence for ion channel or transport proteins. 
Apparently the Examiner believes that N-terminal sequencing produces fragments of 
proteins. This is not so, in N-terminal sequencing of proteins, a most amino terminal amino 
acid is cleaved and the amino acid is identified. The cycle continues and a second amino acid 
is cleaved and identified. At no point was a 23 amino acid fragment produced. Therefore it 
was unknown whether such a fragment would be antigenic, and it is doubtful that such a 
fragment would be "functionally active" as a toxin so as to fall within the Patentee's 
definition of "CB antigen." Nowhere in the Cover I specification is it taught or suggested 
that the 23 amino acid N-terminus could be used as an immunogen as contemplated by the 
specification. Indeed, since it would very likely not be a "functionally active" fragment 
(frankly admitted by the Examiner), it cannot (by the patentee's own definition) be suitable 
for use in the invention as a CB antigen. 

The Applicants have amended claims 38 and 44-46 to clarify that the polypeptide or 
polypeptide fragments have the feature of being purified, being immunologically identifiable 
by an antibody that reacts specifically with H. pylori cytotoxin and exhibiting no cytotoxic 
activity or reduced cytotoxic activity. 

Applicants respectfully request withdrawal of the rejection over Cover I. 

Cover et al. (1992) J. Biol. Chem. 267:10570-10575 ("Cover II") 

PCT/EP93/00472 was filed with original claim 8 which specifically states that the 
polypeptides of claims 1 and 2 had "no toxicity or substantially reduced toxicity. Thus, the 
claims as amended are fully supported by the description of the PCT/EP93/00472. Therefore, 
Cover II is not available as a reference under 35 U.S.C. §102(b). Withdrawal of the rejection 
is respectfully requested. However, to the extent that the rejection may be applied under 
another section of 35 U.S.C. §102, Applicants note the following. 
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Cover II teaches the purification of the 87 kDa vacuolating toxin. No fragments of 
the toxin were produced or evaluated. The authors performed some N-terminal sequencing, 
however, as described above this is not the same thing as generating a polypeptide fragment. 
The sequence is different from a polypeptide in much the same way as a formula for a 
chemical on paper is different from the actual compound. Cover II simply does not teach or 
suggest the use of a purified, antigenic fragment of the vacuolating toxin wherein the 
fragments generate antibodies that also recognize the native cytotoxin and which themselves 
display no cytotoxicity or substantially reduced cytotoxicity. Applicants have amended the 
claims to highlight that the polypeptides and fragments claimed are purified, are 
immunologically identifiable by an antibody that reacts specifically with H. pylori cytotoxin 
and exhibit no cytotoxic activity or reduced cytotoxic activity. 

Withdrawal of the rejection over Cover II is respectfully urged. 

New Rejection under 35 U.S.C. §112, First Paragraph (New Matter) 

As discussed above, the Specification teaches at page 5, lines 31-39 that the term 
cytotoxin or toxin is a general term referring to the protein of Helicobacter pylori. However, 
this passage clearly teaches that the precursor protein (which has the amino acid sequence of 
SEQ ID NO:3) is a protein of 140 kDa and the proteolytic fragment has cytotoxic activity (by 
clear implication and generally accepted terminology in the art, the precursor does not have 
such activity). Further, the protein that causes vacuolization and cell death has been purified 
from H. pylori culture supernatant fluids. As described on page 6, lines 1-1 1, it is the 
processed fragment which is recovered from supernates that has cytotoxic activity and that 
the applicants are the ones who, for the first time, discovered that the cytotoxin is actually a 
processed portion of a much larger precursor protein. One of skill in the art would 
understand that the precursor protein (having the amino acid sequence of SEQ LD NO: 3) 
would not be cytotoxic until processed, thus, the polypeptide of SEQ ID NO:3 would not 
have cytotoxic activity. 

The specification also clearly teaches that a polypeptide that is "derived from" a 
particular nucleic acid sequence is one that has an amino acid sequence encoded by the 
nucleic acid, is a portion of the encoded sequence, or is immunologically identifiable with a 
polypeptide encoded in the sequence. One of skill in the art would clearly understand that 
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these are not mutually exclusive. That is, one of skill in the art would appreciate that not all 
fragments of the encoded sequence would necessarily be immunologically identifiable with 
the encoded sequence. Thus, the conjunction "and" would be inappropriate to express the 
idea the Applicants convey in the specification. This is merely an attribute of the encoded 
polypeptides and certain polypeptide fragments would be immunologically identifiable with 
the encoded sequence. All the immunologically identifiable fragments would be at least 3-5, 
8-10, or 1 1-15 amino acids in length. 

The Examiner is not persuaded that the original claim 8 supports the subject matter 
that the polypeptides have the two functional aspects of being immunologically identifiable 
with antibodies that react specifically with the full-length protein (SEQ ID NO:3) and which 
have no or reduced cytotoxicity. 

The Examiner correctly notes that claim 8 as originally- filed is drawn to 
"recombinant" polypeptides where claims 38 and 45 are not are not so limited. Applicants 
herein amend claims 38 and 45 to include the feature that the polypeptides or fragments are 
recombinant. Note, however, that the specification teaches that there is an advantage of 
recombinantly producing the polypeptides rather than purifying them. Recombinant 
production is not required per se. However, it should also be noted that one of skill in the art 
would easily understand and accept that a precursor to the cytotoxin (SEQ ID NO:3) would 
not be cytotoxic itself. Applicants respectfully request withdrawal of this ground of rejection. 

New Rejection under 35 U.S.C. §112, Second Paragraph 

Claims 38 and 44-46 were rejected under 35 U.S.C. §112, second paragraph as vague 
and indefinite for failing to provide a reference point for what "reduced cytotoxicity" means. 
Claims 38 and 44-46 have been amended herein to include the feature that the polypeptides 
have reduced cytotoxicity with respect to Helicobacter pylori cytotoxin purified from cell 
cultures. This is clearly what is contemplated by the specification, and it is supported, for 
example, at page 5 lines 35-39. No new matter is added. Applicants urge withdrawal of the 
rejection. 
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New Rejection under 35 U.S.C. §102(e)(2) 

The claims are herein amended to include these features that the polypeptides and 
polypeptide fragments be "purified" and have substantially no cytotoxicity or substantially 
reduced cytotoxicity. 

The Examiner points out that the Cover I specification states at Col. 2, lines 40-44 
that "one such embodiment is antigenic fragments of the CB antigen." The Examiner further 
states that "the term CB antigen includes 'antigenic fragments of the holotoxin, whether 
derived from H. pylori or synthetically or recombinantly produced.'" However, as discussed 
above, the Examiner has ignored the full description of the term "CB antigen." Cover clearly 
states at Col. 2, lines 37-38 (the sentence immediately preceding the passage quoted by the 
Examiner): "The term CB antigen is defined as the functionally active non-denatured 
vacuolating toxin" (emphasis added). Thus, antigenic fragments must also be functionally 
active otherwise the definition of CB antigen can mean something other than how it is 
specifically defined. Further, the Examiner states that one such antigenic fragment is the 23 
amino acid fragment shown in Table 2. As discussed above, this is incorrect. 

As explained in the previous response, the "fragment" in Table 2 is simply a sequence 
that is compared to a similar amino acid sequence for ion channel or transport proteins. 
Nowhere in the Cover I specification is it taught or suggested that the 23 amino acid N- 
terminus could be used as an immunogen as contemplated by the specification. Indeed, since 
it would very likely not be a "functionally active" fragment (frankly admitted by the 
Examiner), it cannot (by the patentee's own definition) be suitable for use in the invention as 
a CB antigen. Applicants earnestly submit that the rejection over Cover I be withdrawn. 

The Office Action also rejects claims 38 and 44-46 under 35 U.S. C. § 102(e)(2) over 
Cover II in view of Harlow et ah Antibodies: A Laboratory Manual, Cold Spring Harbor 
Laboratory, Chapter 5, p.76, 1988 ("Harlow"). However, 35 U.S.C. § 102(e)(2) prior art are 
patents granted on an application for patent by another filed in the United States...." Cover II 
is a journal article and is not prior art under 35 U.S.C. § 102(e)(2). Withdrawal of this ground 
of rejection is required. 
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Conclusion 



Applicants earnestly submit that the claims are in condition for allowance and 



are patentable over the art of record. Prompt allowance is respectfully requested. 
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Most Helicobacter pylori strains secrete a toxin (VacA) 
that causes structural and functional alterations in ep- 
ithelial cells and is thought to play an important role in 
the pathogenesis of H. pylori- associated gastroduodenal 
diseases. The amino acid sequence, ultrastructural mor- 
phology, and cellular effects of VacA are unrelated to 
those of any other known bacterial protein toxin, and 
the VacA mechanism of action remains poorly under- 
stood. To analyze the functional role of a unique 
strongly hydrophobic region near the VacA amino ter- 
minus, we constructed an H. pylori strain that produced 
a mutant VacA protein (VacA-(A6-27)) in which this hy- 
drophobic segment was deleted. VacA-(A6-27) was se- 
creted by H. pylori, oligomerized properly, and formed 
two-dimensional lipid-bound crystals with structural 
features that were indistinguishable from those of wild- 
type VacA. However, VacA-(A6-27) formed ion-conduc- 
tive channels in planar lipid bilayers significantly more 
slowly than did wild-type VacA, and the mutant chan- 
nels were less anion-selective. Mixtures of wild-type 
VacA and VacA-(A6-27) formed membrane channels 
with properties intermediate between those formed by 
either isolated species. VacA-(A6-27) did not exhibit any 
detectable defects in binding or uptake by HeLa cells, 
but this mutant toxin failed to induce cell vacuolation. 
Moreover, when an equimolar mixture of purified VacA- 
(A6-27) and purified wild-type VacA were added simul- 
taneously to HeLa cells, the mutant toxin exhibited a 
dominant negative effect, completely inhibiting the vac- 
uolating activity of wild-type VacA. A dominant nega- 
tive effect also was observed when HeLa cells were co- 
transfected with plasmids encoding wild-type and 
mutant toxins. We propose a model in which the domi- 
nant negative effects of VacA- (A6 -27) result from pro- 
tein-protein interactions between the mutant and wild- 
type VacA proteins, thereby resulting in the formation 
of mixed oligomers with defective functional activity. 
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Helicobacter pylori are Gram-negative bacteria that persis- 
tently colonize the gastric mucosa of humans (1). Colonization 
of the gastric mucosa by these bacteria results in mucosal 
inflammation and is a risk factor for the development of peptic 
ulcer disease, distal gastric adenocarcinoma, and gastric lym- 
phoma (1-4). Gastric adenocarcinoma is currently one of the 
most common causes of cancer deaths worldwide and is the 
only cancer that has been directly linked to a bacterial infection 
(3). 

Most H. pylori strains secrete a toxin (VacA) that is unre- 
lated to any other known bacterial protein toxin (5, 6). When 
VacA is incubated with epithelial cells in vitro, the most prom- 
inent effect is the formation of large cytoplasmic vacuoles (5). 
These vacuoles contain markers for both late endosomes and 
lysosomes and have an acidic intravacuolar pH (7-9). VacA- 
induced vacuoles are thought to represent novel intracellular 
compartments that form as a result of heterotypic fusion events 
(7-9). In addition to altering the morphology of cells, VacA 
causes multiple functional changes, including alterations in 
the intracellular trafficking and processing of procathepsin D 
and epidermal growth factor (10). When added to polarized 
epithelial cell monolayers, VacA induces an increase in mono- 
layer permeability for various ions and small uncharged mol- 
ecules (11). VacA also interferes with the process of antigen 
presentation, which may be one mechanism by which H. pylori 
resists immune clearance (12). 

The H. pylori vacA gene is translated as a 140-kDa protoxin, 
which undergoes amino- and carboxyl -terminal processing to 
yield a mature secreted toxin of about 87 kDa (13-16). Secre- 
tion of VacA probably occurs via a mechanism analogous to 
that used for secretion of Neisseria gonorrhoeae IgA protease 
(14-15). Mature 87-kDa VacA monomers assemble into com- 
plex water-soluble oligomers typically comprised of 12 or 14 
subunits (17-18). Upon exposure to acidic pH, these oligomers 
disassemble into monomeric components (17). Acidification of 
VacA enhances its cytotoxic activity and permits the toxin to 
insert into lipid membranes to form anion-conductive channels 
(19-23). 

The mechanisms by which VacA causes alterations in cellu- 
lar morphology and function are not yet well understood. 
Transfection of HeLa cells with plasmids expressing VacA re- 
sults in cell vacuolation, which suggests that VacA has an 
intracellular site of action (24-27). Nearly all bacterial toxins 
that act intracellular^ have an enzymatic activity, but thus 
far, no enzymatic activity of VacA has been identified. The 
formation of membrane channels by VacA also may contribute 
to cytotoxic effects, perhaps analogous to the mechanism by 
which aerolysin causes vacuolation of cells (28). 

Structure-function analysis of VacA may be helpful in deci- 
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Table I 

H. pylori 60190-derived strains containing sacB/kan cassettes in vacA 
H. pylori strain 



fismff EcoNI 
1 I 



Site of sacB/kan insertion 
in vacA a 



VM064 


Bell; 116 


VM022 


BsmFVEcoNl] 435-980 


VM025 


EcoNVBstXL; 980-1617 


VM018 


BstXl/Xcml; 1617-1901 


VM028 


XcmVBglll; 1901-2154 


VM002 


BgllUNhel; 2154-2551 



a With the exception of strain VM064, sacBlkan cassettes replaced 
the vacA sequences originally present between the indicated restriction 
sites. Numbers designate nucleotides within the vacA open reading 
frame. 

phering how this toxin exerts its cytotoxic effects. However, the 
construction of VacA mutants has been hindered by the inabil- 
ity to express a functional form of recombinant toxin in Esch- 
erichia coli (29). In this study, we utilized a recently developed 
mutagenesis method (30) to analyze the functional role of a 
unique strongly hydrophobic region near the VacA amino ter- 
minus. We report that a VacA mutant protein (VacA-(A6-27)) 
lacking this amino-terminal hydrophobic segment is indistin- 
guishable from wild-type VacA in its secretion, assembly into 
oligomeric structures, and uptake by HeLa cells. However, this 
mutant protein is markedly altered in its capacity to form 
ion-conductive channels, lacks cytotoxic activity, and com- 
pletely inhibits the vacuolating activity of the wild-type toxin. 

MATERIALS AND METHODS 

Bacterial Strains— H. pylori 60190 CATCC 49503) was the parent 
strain used for construction of all mutants in this study. Characteristics 
of the uacA gene and the secreted VacA protein from this strain have 
been reported previously (13, 14, 17, 19). H. pylori strains were grown 
routinely on trypticase soy agar plates containing 5% sheep blood in 
room air containing 6% C0 2 at 37 °C. 

Introduction of sacBlkan Cassettes into the vacA Gene of H. pylori 
60190 — The sacBlkan cassette from pKSF (30) was inserted into con- 
venient restriction sites in plasmids containing vacA fragments from H. 
pylori 60190 (14). These plasmids were then used to transform H. pylori 
60190 (14). Kanamycin-resistant transformants, in which the sacBlkan 
cassette had integrated into the vacA chromosomal locus via allelic 
exchange, were selected by growth on Brucella agar plates containing 
5% fetal bovine serum and 30 /ig/ml kanamycin. This approach resulted 
in the introduction of sacBI kan cassettes into six different sites within 
the chromosomal vacA gene of H. pylori strain 60190 (Table I). 

Introduction of In-frame Deletion Mutations into the Chromosomal 
vacA Gene ofH. pylori — Five different in-frame vacA deletion mutations 
were constructed by restriction endonuclease digestions of uacA-con- 
taining plasmids, followed by plasmid religations and transformation 
into E. coli DH5a. The restriction sites utilized were BsmFI/EcoNI, 
EcoNUBstXl, BstXI/Xcml, XcmVBglll, and BgllUNhel (see Table I for 
locations within vacA). To maintain the open reading frames, a short 
oligonucleotide linker was inserted into two of these sites (BsmFV 
EcoNI and XcmVBglll). Six additional in-frame vacA deletion muta- 
tions were constructed by an inverse polymerase chain reaction ap- 
proach. Briefly, oppositely oriented primers were chosen such that the 
5' nucleotides of each pair of primers defined the region to be deleted. 
Following thermal cycling, template plasmid DNA was eliminated by 
Dpnl digestion. Polymerase chain reaction products were end-polished 
with Pfu DNA polymerase, recircularized with T4 DNA ligase, and 
transformed into E. coli DH5a. Each plasmid was analyzed by nucleo- 
tide sequencing to verify that the desired deletion was present and that 
the open reading frames remained intact. Plasmids containing in-frame 
vacA deletions were used to transform the relevant H. pylori strains 
containing sacBlkan, and transformants were selected by growth on 
Colombia blood agar (Difco) plates containing 5% fetal bovine serum 
and 6% sucrose. Single colonies of sucrose-resistant, kanamycin-sensi- 
tive H. pylori were characterized by polymerase chain reaction size 
analysis to verify that the desired deletions were present. Fig. 1 depicts 
the procedure used for construction of one mutant strain, H. pylori 
AV452. A total of 11 different H. pylori strains, each containing in- 
frame deletions in vacA, were isolated. 

Characterization of H. pylori vacA Mutants — Mutant H. pylori 
strains were grown in sulfite-free Brucella broth containing 0.5% char- 
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Fig. 1. Construction of H. pylori AV452 using a sacB-based 
counter-selection approach. The sacBlkan cassette from pKSF (30) 
was introduced into the BsmFl and EcoNI sites of pAl67, a plasmid 
containing a vacA fragment from H. pylori 60190, to yield pMM389. 
Transformation of//, pylori 60190 with pMM389 yielded a kanamycin- 
resistant colony designated H. pylori VM022. H. pylori VM022 was 
transformed with the plasmid pAV452A, in which nucleotides encoding 
amino acids 6-27 of VacA had been deleted (dark box). H. pylori 
transformants were selected by growth on 6% sucrose, and a strain (H. 
pylori AV452) containing the desired vacA deletion was isolated. 

coal, and proteins in the culture supernatants were concentrated by 
precipitation with a 50% saturated solution of ammonium sulfate (13). 
To determine whether mutant strains expressed and secreted VacA, 
both whole bacterial cells and concentrated broth culture supernatant 
proteins were immunoblotted with anti-VacA serum (13). Preparations 
of supernatant proteins also were tested in an antigen -detection 
ELISA 1 (13, 31), which permitted concentrated broth culture superna- 
tant proteins from each mutant strain to be standardized according to 
VacA concentration. These standardized supernatant protein prepara- 
tions were tested for vacuolating toxin activity in a HeLa cell assay, and 
cell vacuolation was assessed by light microscopy (13). 

VacA Purification and Quantitation of Vacuolating Activity— VacA 
was purified from broth culture supernatants as described previously 
(17). Protein concentrations were determined using a Micro-BCA assay 
(Pierce). Unless otherwise stated, purified VacA preparations were 
routinely acid-activated before addition to HeLa cells. Acid activation 
was accomplished by dropwise addition of 250 mM HC1 until a pH of 3 
was reached (21). Purified, acid-activated VacA preparations were stan- 
dardized by protein concentration and added to HeLa cells in minimal 
essential medium containing 10% fetal bovine serum and 10 mM am- 
monium chloride at 37 °C for 16 h. The vacuolating activity of purified 
VacA preparations was quantified using a neutral red uptake assay 
(32). Neutral red uptake data are presented as 0D 640 values (mean * 
S.D.). Statistical significance was analyzed using Student's t test. 

Atomic Foive Microscopy — Purified VacA was added to supported 
lipid bilayers composed of a total lipid extract from bovine heart ( Avanti 
Polar Lipids, Alabaster, AL), as described previously (19 J. The protein 
was injected into a buffer of 1 mM citric acid, pH 2.6, covering the 

1 The abbreviations used are: ELISA, enzyme-linked immunosorbent 
assay; DEPC, diethyl pyrocarbonate; GFP, green fluorescent protein. 
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Fig. 2. Construction and analysis of VacA deletion mutants. Eleven different in-frame deletion mutations were introduced into the 
chromosomal vacA gene of H. pylori 60190. The dark boxes represent the corresponding regions that are deleted in each translated vacA product. 
The VacA amino acid numbering system is based on designation of the amino-terminal alanine residue of the mature toxin as amino acid 1. VacA 
expression was assessed by immunoblot analysis of culture supernatants and bacterial cells with anti-VacA serum. Vacuolating activity was 
assessed by testing concentrated supernatant proteins from each strain in a HeLa cell assay. The VacA content of VacA-containing supernatants 
was standardized based on results of an antigen -detection EL1SA (13, 31). 



supported bilayer. After incubating for 1 h, the sample was extensively 
washed and the pH was changed to ~7 to induce crystallization (19). 
The sample was briefly fixed with 2% glutaraldehyde, prior to imaging 
by atomic force microscopy (19). Imaging was performed in the contact 
mode with a Nanoscope II AFM (Digital Instruments, Santa Barbara, 
CA) using "twin tip" Si 3 N 4 cantilevers. The typical scan rate was 7 Hz, 
and the applied force was minimized to 0.1 nN (19). 

Electrophysiologic Analysis of VacA Channel-forming Activity— The 
planar lipid bilayers, composed of egg phosphatidylcholine/dio- 
leoylphosphatidylserine/cholesterol (55:15:30 mol %) dissolved in n- 
decane, were prepared, and the membrane currents were measured as 
described previously (19, 20). The buffer in each experiment was buffer 
A (5 mM citric acid, pH 4.0, 2 mM EDTA), with the salt composition as 
described in the figure legends or tables. The potential is indicated 
relative to the cis-side, defined as the chamber to which the protein was 
added. Permeability ratios were determined from the Goldman- 
Hodgkin-Katz equation (33), after measuring the membrane voltage for 
zero current (reversal potential) in asymmetric salt concentrations. 
Statistical significance was analyzed using Student's t test. 

Analysis of VacA Binding and Uptake by HeLa Cells— Purified VacA 
was iodinated using the IODO-GEN method (Pierce). IODO-GEN (2 ^g) 
in chloroform was plated onto the wall of a microcentrifuge tube, and 
the chloroform was evaporated under a stream of N a . To the IODO- 
GEN-containing tube, 1 mCi of [ 125 I] iodide in 50 mM sodium phosphate 
buffer, pH 7.2, and 50 of purified VacA were added in a final volume 
of 100 jxl and incubated for 10 min at 25 °C. The liquid phase of the 
reaction was then removed, added to 10 mM non-radioactive iodide, and 
the free 125 I was removed by gel filtration on a 10-ml G-25 Sephadex 
column equilibrated with 10 mM Tris-buffered saline, pH 7.4, contain- 
ing 1 mM EDTA and 25 ixg per ml bovine serum albumin. This proce- 
dure resulted in effective radioiodination of VacA without a detectable 
loss of vacuolating activity. 

HeLa cells were grown to confluency on 35-mm dishes. Acid-acti- 
vated 12G I-VacA (500 ng/dish) was added to the cells for 3 h at 4 °C in 
Hepes-buffered saline (50 mM Hepes and 100 mM NaCl, pH 7.2) con- 
taining 1 mM CaCl 2 , 1 mM MgS0 4 , and 100 ixgfml bovine serum albu- 
min. Cells then were washed three times to remove unbound VacA and 
were incubated for 4 h at 37 °C in Eagle's medium containing 10% fetal 
bovine serum and 10 mM ammonium chloride. In selected experiments, 
cells were treated with proteinase K (250 /ig/ml for 30 min at 4 °C) to 
remove or digest surface-bound ^I-VacA, and pelleted cells then were 
immediately lysed by boiling in SDS-polyacrylamide gel electrophoresis 
sample buffer. Proteins in cell lysates were separated by SDS-polyacryl- 
amide gel electrophoresis and visualized by autoradiography. 

Inactivation of VacA by Treatment with DEPC— Diethyl pyrocarbon- 
ate (DEPC, Sigma) and purified VacA were mixed at pH 8.0 in a ratio 
of 100 DEPC molecules per VacA histidine residue (34). After incuba- 
tion on ice for 1 h, the chemically modified VacA sample was mixed with 
an equal volume of minimal essential medium containing 10% fetal 
bovine serum. DEPC-treated samples were tested in HeLa cell assays 
within 1 h of preparation. 

Transfection of HeLa Cells— HeLa cells were plated (200 /il) at a 
density of 5.0 X 10 4 cells per ml in 96-well tissue culture plates (Corn- 
ing; Cambridge, MA) in Dulbecco's modified Eagle's medium supple- 
mented with 2.5% fetal calf serum and 100 units penicillin/ml and 100 



mg of streptomycin/ml. HeLa cells were first infected with recombinant 
vaccinia virus (vT7) bearing the T7 RNA polymerase gene (26). Vaccinia 
virus stock was trypsinized at 37 °C for 30 min and added to HeLa cells 
(26). After infection for 30 min, virus stock was removed, and the HeLa 
cells were transfected using the calcium phosphate method (26). Plas- 
mids used for transfection included pET-20b containing an insert en- 
coding residues 1-953 of VacA fused to GFP (26), pET-20b expressing 
the same VacA-GFP protein but with a 22-amino acid deletion (A6-27), 
or pET-20b encoding GFP only. Co-transfections were done by trans- 
fecting cells with a mixture of two different plasmid preparations in a 
1:1 ratio. Mock-transfected cells were infected with vT7 and treated 
with transfection reagent only. Following the transfection procedure, 
the cells were incubated in Dulbecco's modified Eagle's medium plus 5 
mM ammonium chloride at 37 °C for 20 h prior to analysis. 

RESULTS 

Expression of Mutant VacA Proteins — In an effort to con- 
struct an H, pylori VacA mutant protein that had altered 
functional properties but no gross alterations in structure, we 
introduced 11 different in-frame deletion mutations into the 
chromosomal vacA gene of H. pylori 60190, as described under 
"Materials and Methods." Each mutant strain was tested by 
immunoblot analysis (13) for the capacity to express and se- 
crete VacA. Seven of these mutant strains expressed and se- 
creted truncated vacA products of the expected size, but no 
vacA products were detected in either bacterial cells or super- 
natants from four mutant strains (Fig. 2). Concentrated culture 
supernatants from the seven VacA-expressing mutant strains 
were adjusted to a uniform VacA concentration based on the 
results of a VacA antigen-detection ELISA (13, 31), and these 
preparations then were tested for activity in a HeLa cell assay. 
Culture supernatant from H. pylori AV320 (containing VacA- 
(A517-536)) induced cell vacuolation, whereas each of the other 
mutant VacA proteins lacked detectable vacuolating activity. 
To determine whether these mutant VacA proteins could form 
water-soluble oligomeric structures, culture supernatant pro- 
teins from each mutant strain were fractionated by gel filtra- 
tion chromatography, and high molecular mass fractions were 
immunoblotted with anti-VacA serum. VacA-(A6-27) and 
VacA-(A5 17-536) were detected in the same high molecular 
mass (>900 kDa) fractions in which wild-type VacA is typically 
found (13, 17), which indicated that these mutant proteins 
could form water-soluble oligomeric structures in a manner 
similar to wild-type VacA, In contrast, no high molecular mass 
oligomeric forms of the remaining 5 mutant VacA proteins were 
detected. Thus, only one mutant VacA protein (VacA-(A6-27)) 
was identified which seemed to be structurally intact, yet 
lacked vacuolating cytotoxic activity. This mutant VacA pro- 
tein was selected for further detailed characterization. 
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FlG. 3. Hydrophilicity plot of the mature secreted VacA toxin 
from H. pylori 60190, generated by Kyte-Doolittle analysis. The 

amino-terminal sequence of mature, secreted VacA is shown in capital 
letters. The underlined amino acids are located within a strongly hy- 
drophobic region and were deleted in VacA-(A6-27). 




Fig. 4. Structural analysis of VacA-(A6-27). Purified VacA-(A6- 
27) was added to supported lipid bilayers composed of total lipid extract 
from bovine heart and incubated for 1 h at pH 2.6. After washing the 
membrane, the pH was raised to 7 to induce crystallization, and the 
crystals were analyzed by atomic force microscopy. The two-dimen- 
sional crystals produced by VacA-(A6-27) were indistinguishable from 
those of wild-type VacA (19). Scale bar, 50 nm. 

Structural Characterization and Lipid Interactions ofVacA- 
(bS-27)— The 22-amino acid deletion in VacA-(A6-27) is lo- 
cated within a unique region of strong predicted hydrophobicity 
near the amino terminus of VacA (Fig. 3). To examine struc- 
tural properties of this mutant VacA protein, purified VacA- 
(A6-27) was incubated with supported lipid bilayers, and the 
bilayers then were imaged by atomic force microscopy (19, 35, 
36). At pH values below 5, a high density of oligomeric mutant 
VacA associated with anionic lipid membranes (data not 
shown), in a manner similar to that observed for wild-type 
toxin (19). Adsorption of VacA-(A6-27) to the membrane at pH 
<5, followed by raising the pH to 7, resulted in the formation of 
two-dimensional crystal patches that could be imaged to a high 
degree of resolution (Fig. 4). All features of these crystals, 
including the lattice parameters, the inner diameter of the 
central rings, and the height by which the oligomers protrude 
from the bilayer, were identical to those described previously 
for wild-type VacA (19). These results indicate that the amino- 
terminal hydrophobic region of VacA is not required for oli- 
gomerization, association with lipids, or two-dimensional crys- 
tal formation and that the overall structure of the mutant toxin 
VacA-(A6-27) is not substantially different from that of wild- 
type toxin. 

Electrophysiologic Properties of Channels Induced by VacA- 
( &6 -2 7)— Wild-type VacA produces anion-conductive channels 
in lipid bilayers at low pH (19-20, 23). To determine whether 
VacA-(A6-27) was able to form similar channels, the purified 
mutant toxin was incubated with planar lipid bilayers at pH 4. 
Addition of the mutant toxin to lipid bilayers resulted in a 
macroscopic current that was detectable only after a much 
longer delay than when compared with the wild-type toxin 
under identical conditions (p - 0.0047) (Fig. 5). To determine 
whether the channel properties of the mutant differed from 
those of the wild-type toxin, the ion selectivities of the two 
types of channels were compared. The wild-type toxin channels 
were significantly more selective for anions than were mutant 
toxin channels (p < 0.001) (Table II). Single channel analyses 
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Fig. 5. Kinetics of channel formation by wild-type VacA and 
VacA-(A6-27). Mutant or wild-type VacA preparations (30 or 60 nM 
concentrations, as indicated) were added to planar lipid bilayers com- 
posed of egg phosphatidylcholine/dioleoylphosphatidylserine/ choles- 
terol (55:15:30 mol %) in buffer A with 100 mM NaCl. The time required 
to produce a current of 100 pA at -50 mV was then determined. In 
addition, results are shown for a 1:1 mixture of wild-type VacA and 
VacA-(A6-27) (each 30 nM). Results represent the mean * S.D. from at 
least three independent determinations for each sample tested. 

revealed that the conductance of mutant toxin channels was 
similar to that of the wild-type toxin channels (Table II). These 
results indicate that VacA-(A6-27) forms channels in lipid 
bilayers much less efficiently than wild-type VacA and that 
anion selectivity is diminished for mutant toxin channels. 
Therefore, the VacA amino-terminal hydrophobic domain is 
required for proper channel function. 

Electrophysiologic Properties of Channels Formed by Mix- 
tures of VacA-(&6-27) and Wild-type VacA— Acidification of 
wild-type VacA results in the disassembly of VacA oligomers 
into monomeric components (17, 22) and reassembly of mono- 
mers into oligomers can occur when VacA-containing solutions 
are shifted from acid to neutral pH (17). Therefore, we hypoth- 
esized that wild-type and mutant VacA monomers might as- 
semble into hetero-oligomeric channels under the conditions of 
the planar lipid bilayer assay. To test this hypothesis, the two 
VacA species (each 30 nw) were mixed together at neutral pH, 
and the mixture then was acidified to pH 3 and maintained at 
this pH for 1 h before being added to planar lipid bilayers. The 
time required for the mixture to produce a current of 100 pA 
was significantly longer than that observed for wild-type VacA 
alone, regardless whether at 60 or 30 nM concentrations (p < 
0.01), but was much shorter than that detected for 60 nM 
VacA-(A6-27) alone <p = 0.005). (Fig. 5). This latter observa- 
tion indicates that within the period required for the mixture to 
generate 100 pA, few, if any, homo-oligomeric VacA-(A6~27) 
channels could form in the bilayer. Therefore, the macroscopic 
current produced by the mixture could arise via two possible 
mechanisms: (i) formation of hetero-oligomeric channels, or (ii) 
formation of primarily homo-oligomeric channels of wild-type 
VacA, with a delay caused by blockage of binding sites in the 
bilayer by the VacA-(A6-27) proteins. To discriminate between 
these alternatives, we determined the ion selectivity by meas- 
uring the reverse potential in asymmetric salt solutions. The 
channels formed by this mixture of VacA proteins exhibited a 
permeability ratio markedly different from that measured for 
homo-oligomeric channels of wild-type VacA (p - 0.01) (Table 
II). Taken together, these data suggest that the mixture of 
wild-type and mutant VacA proteins forms hetero-oligomeric 
channels. 

Interactions of VacA-(A6-27) with HeLa Cells— To compare 
the cell-vacuolating activities of wild-type VacA and VacA-(A6- 
27), purified acid-activated proteins of each type were incu- 
bated with HeLa cells. Purified wild-type VacA caused the 
formation of large intracellular vacuoles, whereas purified 
VacA-(A6-27) lacked any detectable vacuolating activity for 
HeLa cells (Fig. 6). One possible explanation for the failure of 
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° Macroscopic current was measured in buffer A with 100-150 mM 
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the two samples (each 30 nM). The number of experiments is designated 
(n). Results represent mean ~ S.D. 

h Current at -100 mV in buffer A with 1.5 m NaBr using 3 nM 
wild-type VacA or 45 nM VacA-(A6-27). 
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Fig. 6. Vacuolating activity of wild- type VacA and VacA-(A6- 
27). Purified acid-activated wild-type VacA (•) and acid -activated 
VacA-(A6-27) (O) were incubated with HeLa cells for 16 h at 37 °C. 
Vacuolating activity was quantified using a neutral red uptake assay 
(32). The wild-type toxin induced cell vacuolation, whereas the mutant 
VacA protein did not. Results represent the mean i: S.D. from triplicate 
determinations. 

VacA-(A6-27) to induce cell vacuolation might be that HeLa 
cells fail to bind or internalize this mutant toxin. To test this 
hypothesis, we examined and compared interactions of purified 
radiolabeled wild-type VacA and VacA-(A6-27) with HeLa 
cells. Both forms of VacA bound to cells at 4 °C, and the sur- 
face-exposed ~-87-kDa VacA proteins bound at this tempera- 
ture were susceptible to digestion with proteinase K (Fig. 7, 
lanes a and b). After incubation of VacA proteins with cells at 
37 °C for 4 h, both wild-type and mutant forms of the ~ 87-kDa 
toxin became resistant to proteinase K digestion (Fig. 7, lanes 
c-f). This inaccessibility to protease digestion provides strong 
evidence that both the wild-type and mutant forms of VacA are 
internalized by HeLa cells (27, 37). In the presence of a 100-fold 
excess of unlabeled wild-type VacA, there was a small reduc- 
tion in the binding of both the radiolabeled wild-type and 
mutant VacA proteins to cells at 4 °C (data not shown). A high 
level of non-competable ("nonspecific") binding is perhaps at- 
tributable to VacA interactions with abundant cell -surface 
components, including anionic phospholipids (19, 23). A 100- 
fold excess of unlabeled wild-type VacA inhibited the cellular 
uptake of radiolabeled wild-type and radiolabeled mutant 87- 
kDa VacA bands to similar extents (Fig. 7, lanes c-f). Thus, 
compared with wild-type VacA, VacA-(A6-27) did not exhibit 
any detectable defects in binding or uptake by HeLa cells. 

Inhibitory Effects of VacA-(A6-27)—We next investigated 
whether mixing VacA-(A6-27) with wild-type VacA resulted in 
alterations in the vacuolating cytotoxic activity of the wild-type 
toxin. Acid-activated wild-type VacA was mixed with varying 
concentrations of acid-activated VacA-(A6-27), and these prep- 
arations then were added to the neutral pH medium overlying 
HeLa cells. When the two proteins were present in equimolar 
concentrations, VacA-(A6-27) completely inhibited the activity 
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Fig. 7. Binding and uptake of ,25 I-VacA-(A6-27) by HeLa cells. 
HeLa cells were incubated with purified acid-activated 125 I-VacA-(A6- 
27) for 3 h at 4 °C, and cells then were either treated with proteinase K 
(lane b) or left untreated (lane a). HeLa cells also were incubated with 
radiolabeled acid-activated wild-type VacA {lanes c and d) or radiola- 
beled acid-activated VacA-(A6-27) (lanes e and f) for 3 h at 4 °C in the 
presence or absence of a 100-fold excess of unlabeled acid-activated 
wild-type VacA, washed, incubated for an additional 4 h at 37 °C, and 
then treated with proteinase K. Cell-associated proteins were separated 
by SDS-polyacrylamide gel electrophoresis and analyzed by autoradiog- 
raphy. A pro tease-protected 87-kDa band (arrow) is visualized in lanes 
c-/"but not lane b. Lower molecular mass radiolabeled bands represent 
proteolytic degradation products of VacA. The presence of a 100-fold 
excess of unlabeled acid-activated wild-type VacA during the 4 °C bind- 
ing step inhibited the cellular uptake of radiolabeled wild-type and 
radiolabeled mutant 87-kDa VacA bands to similar extents (lanes c-f). 

of wild-type toxin (Fig. 8). A significant inhibition also could be 
detected when the ratio of wild-type VacA to mutant toxin was 
5:1 (Fig. 8). Acid-treated albumin was tested in similar concen- 
trations as a control and failed to inhibit the vacuolating ac- 
tivity of wild-type VacA (data not shown). Treatment of VacA 
with DEPC yields an inactivated toxin that binds to cells but 
has markedly reduced cytotoxic activity (23). When equimolar 
concentrations of acid-activated DEPC-treated VacA and wild- 
type VacA were incubated with HeLa cells, no inhibition of 
wild-type VacA activity was detected (data not shown). Thus, 
VacA-(A6-27) exerted a dominant negative effect, whereas 
DEPC-treated VacA lacked this property. 

Acid-activation of wild-type VacA results in markedly en- 
hanced vacuolating toxic activity (17, 21). Therefore, we com- 
pared the capacity of acid-activated and untreated VacA-(A6- 
27) to inhibit wild-type VacA activity. Acid-activated VacA- 
(A6-27) completely inhibited the activity of the wild-type toxin, 
whereas non-acid activated VacA-(A6-27) had minimal inhib- 
itory effects (Fig. 9). This suggests that the mutant toxin must 
undergo an acid-induced structural change before it can exert 
its dominant negative effect. 

Intracellular Expression of VacA- (A6 -27)— As shown in Fig. 
7, VacA-(A6-27) did not exhibit any obvious defects in binding 
or entry into HeLa cells, which suggests that this mutant toxin 
is defective in intracellular activity. To test this hypothesis, 
HeLa cells that previously had been infected with vT7 were 
transfected with either pET20b harboring a gene encoding 
wild-type VacA fused to GFP (26) or pET20b harboring a gene 
encoding VacA-(A6-27)-GFP. Transfected cells were analyzed 
after 18 h for both vacuolating activity and GFP fluorescence 
(26). Fluorescence microscopy revealed that the wild-type and 
mutant proteins each were expressed within target cells. In- 
tracellular expression of wild-type VacA resulted in cell vacu- 
olation (detected by both light microscopy and neutral red 
uptake assay), whereas intracellular expression of VacA-(A6- 
27) produced no detectable morphologic changes (Fig. 10, p < 
0.001). 

We next tested the possibility that VacA-(A6-27) could in- 
hibit the function of wild-type VacA when co-expressed within 
the same target cell. HeLa cells were co-transfected with plas- 
mids encoding both VacA-(A6-27)-GFP and wild-type VacA, 
and the extent of vacuolation was determined by light micros- 
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Fig. 8. Inhibition of wild-type VacA cytotoxic activity by VacA- 
(A6-27). Acid-activated wild-type VacA (5 fig/ml) was incubated with 
varying concentrations of acid-activated VacA-(A6-27j and then added 
to the medium overlying HeLa cells for 16 h at 37 °C. Vacuolating 
activity was quantified using a neutral red uptake assay (32). Results 
represent the mean :S.D. from triplicate samples. Asterisks denote 
significant differences (p < 0.05) compared with wild-type VacA alone. 




Fig. 9. Acid activation of VacA- (A6 -27) is required for inhibi- 
tory activity. Identical aliquots of purified VacA-(A6-27) (5 pg/m\) 
were either acid-activated or left untreated and then added to tissue 
culture medium overlying HeLa cells. Acid-activated wild-type VacA (5 
fig/ml) was added to the wells immediately thereafter. Vacuolating 
activity was quantified using a neutral red uptake assay (32). The acidi- 
fied mutant VacA effectively inhibited wild-type VacA activity, whereas 
the non-acidified mutant failed to inhibit wild-type VacA activity. Re- 
sults represent the mean ± S.D. from triplicate determinations. 
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Fig. 10. Intracellular expression of VacA-(A6-27). HeLa cells 
were transfected with pET20b plasmids expressing VacA-GFP, VacA- 
(A6-27J-GFP, or GFP alone, as described under "Experimental Proce- 
dures." In addition, cells were co-transfected with plasmids encoding 
VacA-GFP and VacA-(A6-27)-GFP. After 20 h, the cells were assayed 
for uptake of neutral red (32). Background neutral red uptake detected 
with mock-transfected cells has been subtracted to yield net neutral red 
uptake. Results represent the mean ± S.D. from three separate 
experiments. 

copy and by quantifying neutral red uptake. In these co-trans- 
fection experiments, a very low percentage (1-5%) of cells de- 
veloped vacuoles, compared with 50-80% of cells transfected 
with plasmids encoding wild-type VacA alone. This difference 
was confirmed by neutral red uptake assay (p < 0.001) (Fig. 
10). These co-transfection experiments indicate that VacA- 
(A6-27) can effectively block the vacuolating activity of wild- 
type VacA in an intracellular site. 

DISCUSSION 

The amino acid sequence of VacA and its effects on eukary- 
otic cells are unrelated to those of any other known bacterial 



protein toxin. Transfection of mammalian cells with plasmids 
encoding the amino-terminal 422 amino acids of VacA is suffi- 
cient to induce cell vacuolation (25, 26), and antibodies reactive 
with the carboxyl- terminal portion of mature secreted VacA 
(amino acids 509-836) inhibit VacA binding to cells (27). These 
results indicate that the amino-terminal portion of VacA cor- 
responds to an intracellular^ active domain, and the carboxyl- 
terminal portion may correspond to a cell-binding domain. 

Additional efforts to analyze VacA structure-function rela- 
tionships have involved the construction of VacA mutant pro- 
teins. VacA has not been expressed successfully as a functional 
recombinant protein in E. coli (29), and therefore, the construc- 
tion and expression of VacA mutant proteins has been accom- 
plished by manipulating the vacA gene in H. pylori. In previous 
studies, mutagenesis of two histidine residues (30) and mu- 
tagenesis of a surface-exposed domain corresponding to VacA 
amino acids -327-372 (38) have failed to alter VacA activity. 
The only inactive VacA mutant constructed thus far has con- 
tained a large deletion (corresponding to amino acids 91-330) 
in the amino terminus of the toxin (39). This mutant VacA 
protein was secreted by H. pylori but formed dimers rather 
than typical six or seven-sided oligomers (39). Five of the mu- 
tant VacA proteins described in this study, each containing 
deletions in the region between amino acids 27 and 294, also 
failed to form typical oligomeric structures. The mechanistic 
basis for failure of these mutants to oligomerize properly is not 
clear, but we speculate that sequences located between amino 
acids 27 and 294 may directly mediate contact between adja- 
cent monomers. Alternatively, it is possible that deletions in 
this region result in drastic alterations in VacA folding, thereby 
precluding proper oligomerization. Future studies involving 
site-directed mutagenesis may be helpful in clarifying whether 
residues 27-294 comprise an oligomerization domain. Notably, 
all of the VacA mutants that fail to oligomerize properly lack 
vacuolating cytotoxic activity (Ref. 39 and this study), which 
raises the possibility that VacA oligomerization may be essen- 
tial for cytotoxic activity. 

In contrast to the VacA deletion mutants discussed above, 
VacA-(A6-27) forms oligomeric structures similar to those of 
wild-type VacA Moreover, VacA-(A6-27) binds to lipids and 
forms two-dimensional crystals with a structure indistinguish- 
able from that of wild-type VacA. Collectively, these data indi- 
cate that the overall folding of VacA-(A6-27) remains intact 
despite the presence of a 22-amino acid deletion. VacA-(A6-27) 
does not exhibit any obvious defects in binding or uptake by 
HeLa cells but fails to induce vacuole formation. The inability 
of VacA-(A6-27) to induce vacuolation when expressed intra- 
cellular^ suggests that this mutant toxin is primarily defective 
in intracellular function. 

Several previous studies have proposed that formation of 
intracellular membrane channels is important for the morpho- 
genesis of VacA-induced cell vacuoles (19, 20, 23). The loss of 
vacuolating activity and alteration of channel -forming activity 
that both result from deleting the VacA amino-terminal hydro- 
phobic segment provide evidence in support of this hypothesis. 
One unresolved issue related to understanding the role of chan- 
nel formation in VacA cellular intoxication concerns the role of 
acidic pH in VacA activation. Specifically, VacA channel for- 
mation in planar lipid bilayers requires exposure of the toxin to 
acidic pH (19, 20, 23). In contrast, VacA expressed intracellu- 
lar^ in mammalian cells effectively forms vacuoles without 
any apparent exposure of the protein to acidic pH. This appar- 
ent discrepancy could be related in part to the fact that VacA is 
purified from H. pylori supernatants in an oligomeric form (13, 
17, 18), whereas VacA may exist predominantly in a mono- 
meric form when expressed within mammalian cells. We spec- 
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ulate that the formation of VacA membrane channels may 
involve oligomerization of membrane-bound monomers (43), 
and therefore, the role of acidic pH in VacA channel formation 
in vitro may simply be to disrupt VacA oligomers into mono- 
melic components (17). 

A remarkable property of VacA-(A6-27) is its capacity to 
inhibit the cytotoxic activity of the wild- type toxin. One possi- 
ble explanation for this phenomenon is that VacA-(A6-27) 
might competitively inhibit the binding of wild-type toxin to a 
putative VacA receptor on the surface of cells (40-42). How- 
ever, inhibition of wild-type toxin activity was detectable when 
the ratio of wild-type toxin to mutant VacA was 5:1. Typically, 
a substantial excess of mutant protein is required to inhibit 
binding of an active ligand to cell-surface receptors. Moreover, 
the strongest evidence against competitive inhibition at a cell- 
surface site is that intracellular expression of a VacA protein 
containing the A6-27 deletion inhibited the vacuolating activ- 
ity of wild-type VacA. 

A more likely explanation for the dominant negative pheno- 
type exerted by VacA-(A6-27) is the formation of dysfunctional 
mixed oligomers, comprised of both mutant and wild-type VacA 
monomelic components. This model is consistent with the ca- 
pacity of purified mutant VacA to inhibit wild-type VacA activ- 
ity when the ratio of wild-type to mutant VacA is 5:1 (i.e. a 
dominant negative effect). Indeed, the capacity of VacA-(A6- 
27) to alter dramatically the channel-forming activity of wild- 
type VacA provides evidence that these two species can interact 
to form dysfunctional hetero-oligomeric structures. Further in- 
sight comes from the observation that VacA-(A6-27) can exert 
a dominant negative phenotype when co-expressed with wild- 
type VacA from within target cells. This raises the possibility 
that an intracellular oligomeric form of VacA might be required 
for vacuolating cytotoxic activity. Intracellular interactions be- 
tween VacA molecules potentially could be critical for the for- 
mation of membrane channels or for establishing a quaternary 
structure with unique binding or enzymatic properties. How- 
ever, at this time we cannot rule out alternate interpretations 
of the data. For example, VacA-(A6-27) might form oligomers 
more readily than wild-type VacA, and formation of intracellu- 
lar hetero-oligomers might deplete the intracellular pool of 
active monomelic wild-type VacA. Alternatively, compared 
with wild-type VacA, VacA-(A6-27) might exhibit increased 
avidity for an intracellular target molecule. Further construc- 
tion and analysis of VacA mutants should be helpful in clari- 
fying the intracellular mechanisms by which VacA alters cel- 
lular function. 
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Abstract. 

Most Helicobacter pylori strains secrete a toxin (VacA), which is one of the major 
virulence factors thought to play an important role in the pathogenesis of//, pylori- 
associated gastroduodenal diseases. Previous reports have shown that the VacA amino 
terminal region is important for the formation of large cytoplasmic vacuoles, the most 
prominent effect of the toxin. The purpose of this study was to further understand the role 
of N-terminal regions protected from proteolysis when VacA interacts with artificial 
membranes. Using a counterselection system, we constructed a H. pylori strain SPM 326- 
A49-57, which produces a mutated toxin containing a deletion of 8 amino acids in one of 
these protected regions. VacA A49-57 was correctly secreted by K pylori but failed to 
oligomerize and did not present any detectable vacuolating cytotoxic activity. However, 
the mutated toxin was internalized and stained the perinuclear region of HeLa cells. 
Moreover, when an equimolar mixture of purified VacA A49-57 and wild-type VacA 
were added simultaneously to HeLa cells, the mutant toxin exhibited a dominant negative 
effect, completely inhibiting the vacuolating activity of wild-type VacA. This dominant 
negative effect was observed only with non-acid activated VacA A49-57 whereas acid 
activated mutated molecules had minimal inhibitory effects. This loss of activity was 
correlated with the disappearance of oligomers in electron microscopy. 
We propose a model in which VacA A49-57 forms unstable heterodimers with wild type 
toxin and blocks the reformation of VacA oligomers after acid exposure, resulting in the 
loss of VacA cytotoxicity. 
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Introduction. 

Helicobacter pylori is a Gram-negative, microaerophilic, spiral-shaped bacterium that 
colonizes the gastric mucosa of half world's population (1). This bacterium is associated 
with gastritis and peptic ulcers (2) and for long-term chronic infection, with the 
development of gastric carcinoma and MALT 1 (3). 

Most K pylori strains produce and secrete a toxin (VacA) which together with two other 
virulence factors, CagA (4) and BabA (5) is significantly associated with strains isolated 
from patients with more severe disease (6). The most extensively characterized activity of 
VacA is its capacity to induced vacuolation in mammalian cells (7). These vacuoles 
contain markers for late endosomes and lysosomes and have an acidic intracellular pH 
(8,9). Vacuolation is not the only function of VacA. When added to polarized epithelial 
cell monolayer, it induces an increase in monolayer permeability for various ions and 
small uncharged molecules (10). After internalization by cells, it can provoke 
cytochrome c release into the cytosol, which leads to apoptosis (11-14). VacA also 
interferes with the immune system, by altering the process of antigen presentation (15) 
and recently, it has been shown to inhibit T cell proliferation by two different 
independent mechanisms (16-18). Moreover, when administered intragastrically to mice, 
it causes gastric epithelial erosion (19,20). 

The vacA gene produces a protoxin of 140 kDa which is processed during export to the 
surface to yield a mature secreted toxin of 87 kDa (7,19). A molecule of VacA has two 
domains, p37 and p58, connected by a hydrophilic loop that can be cleaved after release 
from the bacterium. After cleavage the two fragments can remain non covalently 
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associated (19). The p58 domain is responsible for host cell binding (21) and host tropism 
(22), whereas the p37 domain, together with the N-terminal 192 amino acids of p58 is 
sufficient to cause vacuolation when expressed in the cytoplasm of host cells (23), 
Mature 87 kDa VacA monomers assemble into water-soluble high molecular weight 
oligomer containing 6-7 or 12-14 copies of the mature toxin polypeptide (24-26). 
The purified oligomeric form of the toxin is biologically inactive, but after exposure to 
acidic pH, it disassembles into monomeric components (25) which permits insertion of 
the toxin into lipid membranes to form anion-conductive channels (27,28). The VacA 
channel formation induces an osmotic imbalance of intracellular acidic compartments, 
leading to cytoplasmic vacuolation. 

A previous study has reported that a mutated toxin of VacA lacking the hydrophobic 
amino terminus region presents a dominant negative phenotype (29). This mutant, which 
lacks cytotoxic activity and completely inhibits the vacuolating activity of the wild type 
toxin, is indistinguishable from wild type VacA in its secretion, assembly into oligomeric 
structures and uptake by HeLa cells. It was demonstrated later that this mutant lacks three 
tandem GXXXG motifs necessary for dimerization of VacA within membranes and 
consequent anion channel formation (30). 

In this study, we describe another dominant negative mutant, VacA A49-57, which has an 
8 amino acids deletion in a region known to be protected from proteolysis due to its 
interaction with artificial membranes. This in vitro assay system is used to mimick VacA 
interaction with host membranes (31). This mutant presents the same inhibition of the 
activity of wild type VacA, however it fails to form oligomeric structures. Taken 
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together, our data demonstrate that the mutated toxin has the capacity to block the 
reformation of the oligomeric structure of native Vac A after exposure to acidic pH, and 
consequently, blocks the vacuolating activity. 
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Materials and Methods. 



Bacterial and Yeast strains, culture condition 

K pylori CCUG 17874 was used as the source of Vac A. H. pylori SPM 326 that encodes 
a slml type vacA (32,33) was the parental strain used for construction of the mutant. 
Colonies of H. pylori grown on blood agar plates (Columbia agar with 5% horse blood) 
were inoculated into Brucella broth containing 0.2% (3-cyclodextrin and were cultured for 
2 days at 170 rpm in microaerophilic conditions. Yeast two-hybrid experiments were 
performed with the Saccharomyces cerevisiae EGY48 {MAT a ura3 trpl his 3 6LexA- 
operator-LEU2) strain transformed with the plasmid pSH 18-34 containing the lacZ 
reporter gene. Yeast strains were grown in synthetic minimal medium (SD), 
supplemented with the required amino acids at 30°C as described (34). 

Construction ofH. pylori SPM 326-A49-57 

First, a recipient strain was created by introduction of the kan-sacB cassette into the vacA 
gene of//, pylori SPM 326. The kan-sacB module amplified from the plasmid pEnKSF 
(35) was inserted into the NcoVEcoNI site of pBlueScriptKS p37, a plasmid containing a 
substantial portion of the vacA SPM 326 gene to create pKan/sacB (Fig. 1). The Ncol 
site, which is absent in the vacA gene, was added, using the QuickChange Site-Directed 
Mutagenesis Kit (Stratagene) by changing two nucleotides just before the sequence 
coding the translational start site. A kanamycin-resistant, sucrose-sensitive clone, in 
which the expression of the VacA molecule was inactivated, was selected. This strain, K 
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pylori SPM 326K02, was then transformed by pBlueScriptKS p37-A49-57 and a sucrose- 
resistant, kanamycin-sensitive, transformant coming from homologous recombination 
between the vac A fragment was selected as summarized in figure 1 (35). The strain was 
analyzed by nucleotide sequencing to verify that the desired mutation was present. 
The plasmid pBlueScriptKS p37-A49-57 was obtained from pBlueScriptKS p37 by 
introduction of an in frame vacA deletion mutations using the QuickChange site directed 
mutagenesis kit (Stratagene). Briefly, oligonucleotides primers each complementary to 
opposite strands of the vector and containing the deletion were extended by polymerase 
chain reaction using Pfu DNA polymerase. Following thermal cycling, template DNA 
was eliminated by Dpnl digestion and the PCR products were used to transforme E. coli 
XLl-Blue. 

Purification of VacA and VacA A49-57 

VacA from H. pylori strain CCUG 17874 was purified from the broth culture supernatant 
as described (36). For VacA A49-57, the biomass from 1 liter culture of H. pylori SPM 
326-A49-57 was removed by centrifugation at 11,000 x g for 20 min. The supernatant 
was passed through a 0.2 \xm filter and then applied at a flow rate of 1 ml/min to a 
column (5 by 3.5 cm, XK column; Amersham Pharmacia Biotech) containing Matrex 
Cellufine Sulfate (Amicon). The proteins were washed extensively with 100 mM NaCl- 
20 mM phosphate buffer (pH 6.5). VacA A49-57 was eluted from the column with 350 
mM NaCl-20 mM phosphate buffer (pH 6.5). The eluate was brought to 50% saturation 
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with ammonium sulfate and centrifuged at 20,000 x g for 30 min. The pelleted proteins 
were resuspended in PBS and dialyzed extensively against the same buffer. Purified 
toxins were stored at 4°C and the concentrations were determined using a Micro-BCA 
assay (Pierce). 

Cell vacuolation assay 

HeLa cells were seeded at 1.5 x 10 5 ml" 1 in 96-well plates in DMEM containing 10% 
FCS and 2 mM glutamine at 37°C in 5% C0 2 16 h before the assay. Before addition to 
cells, purified toxin preparations were acid-activated by adjusting to pH 2.0 for 5 min at 
room temperature and then neutralized as described previously (37). The extent of 
vacuolation was determined quantitatively by measuring the uptake of neutral red dye 
after incubation of the toxin with cells at 37°C for 9 h in DMEM containing 2% fetal calf 
serum and 15 mM ammonium chloride (7). 

Deep etch electron microscopy 

Vac A and Vac A A49-57 molecules were prepared for microscopy by a procedure of 
absorption to mica followed by quick-freeze deep etching (38). The samples were 
processed as described (24). For the experiment showing the effect of VacA A49-57 on 
VacA, an equimolar concentration of each toxin, acid activated when indicated, were 
mixed before the treatment. 
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Glycerol gradient centrifugation analysis 

For analysis, 14 ml 10-30% glycerol gradients were prepared in either 60 mM Tris pH 
7.5, containing 100 mM NaCl, or 100 mM glycine, pH 3.0, containing 100 mM NaCl. 
Samples of 200 )il (dialyzed ammonium sulfate-precipitated proteins from broth culture 
supernatant diluted to ODeoo = 1) were layered on the gradients and centrifuged at 39,000 
rpm for 10 h at 4°C in a an SW40 Ti rotor (Beckman Instruments) as described 
previously (25). For the experiment showing the effect of VacA A49-57 on VacA, 100 \i\ 
of each concentrated supernatant, acid activated when indicated, were mixed before 
centrifugation. For the control, 100 jal of SPM 326 acid activated concentrated 
supernatant were mixed with 100 (il of SPM 326K02. Gradients were fractionated from 
the top using a Piston Gradient Fractionator (Biocomp). Proteins from the fractions were 
precipitated with 10 % TCA and 0.02 % sodium deoxycholate. The presence of VacA 
and VacA A49-57 was detected by Western blotting with rabbit anti-VacA serum (19). 

Immunofluorescence and confocal microscopy 

For indirect immunofluorescence analysis, HeLa cells were grown on chamber slides 
(Nunc). After 4 h incubation with 5 (ig/ml of purified VacA A49-57 the cells were fixed 
with 3.7% paraformaldehyde in PBS plus 5 mM Ca 2+ and Mg 2+ for 15 min. Aldehyde 
groups were quenched with 0.2 M glycine for 5 min. For cytosolic staining, cells were 
permeabilized with 0.2% Triton X-100 for 10 min at room temperature (39). PBS 
containing 5% FCS was used as blocking solution. For VacA A49-57 staining, a mouse 
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monoclonal antibody against the native toxin was used at 2 jig/ml (40). Alexa 488 goat 
anti-mouse (Molecular Probes) was used as secondary antibody. Slides were mounted 
with SlowFade Light Antifade kit (Molecular Probes). Confocal images were obtained 
using a Leica TCS4D confocal microscope equipped with a krypton/argon laser (Leica 
Microsystems). 

Cross-linking experiments 

A fixed volume (20 jal) of acid activated SPM 326 concentrated supernatant was 
incubated with 0, 60 or 100 \x\ of SPM 326-A49-57. Samples were diluted using SPM 
326K02 concentrated supernatant to a final volume of 120 |ul when necessary and 
incubated 30 min at room temperature. Each preparation was then treated by adding a 
solution of PBS, 25 mM lysine 1.6 mM formaldehyde or PBS, 25 mM lysine for 48 h at 
37°C, followed by dialysis against PBS (41). Samples were analysed by immunoblotting 
using a polyclonal rabbit antiserum after separation on a 3-8% SDS PAGE. 

Yeast two hybrid system 

Sequences encoding the wild-type p37, p37 A49-57 and p58 VacA domains were PCR 
amplified from pBlueScriptKS p37, pBlueScriptKS p37-A49-57 and pBlueScriptKS p58 
(Skibinski et al.) respectively. Products were cloned into plasmids encoding the 
transcription activation domain B42 (pJG4-5L) and/or the LexA DNA binding domain 
(pEG202-NLS) (34,42). Primers were designed in order to amplify amino acids 1 to 319 
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(p37 domain) and 320 to 837 (p58 domain) of the mature toxin from H. pylori SPM 326. 
Before transformation, the plasmids were analyzed by automated nucleotide sequencing. 
The EGY48/pSH 18-34 yeast strain was co-transformed with 2 |ag of bait and prey 
containing plasmids in all possible combinaitions using the lithium acetate method (43) 
and cultured at 30°C on SD -Trp, -His, +Leu. In order to test whether interactions 
between VacA domains could be detected in this system, and which combination was 
able to activate transcription of the LEU2 and the lacZ reporter genes, several 
independent clones of each co-transformant, were seeded on selective plate. Three 
isolates of each co-transformant were then chosen for the (3-Galactosidase interaction 
assay. 

To quantify the level of interaction between the different domains, selected co- 
transformants were grown in 4 ml SD medium containing 2% galactose 1% raffinose and 
50 ^ig/ml leucine at 30°C for 24 h until the culture reached OD 6 40 = 4. For each strain a 
volume of culture containing 10 7 cells, corresponding to an OD 6 40 of 2, was centrifuged 
at 3000 x g, 5 min, washed once with 1 ml of Z buffer (60 mM Na 2 HP0 4 , 40 mM 
NaH 2 P0 4 , 10 mM KC1, 1.8 mM MgS0 4 , 0.27% p-Mercaptoethanol, pH 7) (44) and the 
pellet was resupended in 150 jal of Z buffer. 50 |il aliquots of this cell suspension were 
permeabilized using Z buffer containing 70% CHC1 3 , 0.02 % SDS and incubated with 
700 jal of ONPG (2 mg/ml) at 30°C. The reaction was stopped at time intervals by the 
addition of 500 jal of 1M K 2 C0 3 and the total reaction time was recorded. The OD420 
values of clarified reaction supernatants were measured. The p-galactosidase activity was 
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calculated using the Miller equation (34). The values presented are the average of three 
independent co-transformants that were assessed in three different experiments. 
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Results. 

VacA A49-57 is devoid of vacuolating activity 

In order to characterize a p37 region known to interact with artificial membranes (31) 
and its possible implication in the internalization of the toxin, we used a counterselection 
marker (35,45) to introduce an 8 amino acids in frame deletion into the chromosomal 
vacA gene of H. pylori SPM326 (Fig.l). Western blot analysis of soluble extracts and 
supernatants showed that the mutated strain H. pylori SPM 326-A49-57 produces and 
secretes a toxin indistinguishable from the wild type VacA (data not shown). However, 
purification of VacA A49-57 was obtained using a different procedure (see Materials and 
Methods). VacA A49-57 was eluted from the Matrex Cellufine Sulfate column with 350 
mM NaCl, whereas wild type VacA needs a higher salt concentration (36). This 
difference of affinity for the Matrex Cellufine Sulfate resin implies that the mutated toxin 
presents different properties compared to VacA. This allowed us to purify VacA A49-57 
in one step. 

The amino acids deleted are located in the p37 domain, known to be essential for the 
vacuolating activity (Fig. 2). Purified VacA A49-57 was tested for activity in a neutral red 
uptake assay using HeLa cells. As shown in figure 3, the mutated toxin did not induce 
formation of vacuoles. 

VacA A49-57 enters epithelial cells 
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VacA is capable of entering the cell cytosol where it displays its activity (46). We 
investigated if the lack of vacuolation observed was due to the incapacity of VacA A49- 
57 to be internalized by HeLa cells. After 4 h infection, cells treated by the toxin showed 
labeled spots in the perinuclear region (Fig. 4). The staining occurs only under 
permeabilized condition, demonstrating the capacity of VacA A49-57 to be incorporated 
by epithelial cells like wild type VacA. 

VacA A49-57 fails to form the oligomeric structure 

Purified VacA forms water-soluble oligomeric structures which can be observed by 
transmission electron microscope after quick freeze, deep etch preparation (24). Since 
VacA A49-57 has a lower affinity for the Matrex Cellufme Sulfate resin we checked the 
integrity of the mutated toxin. Transmission electron microscope visualization of purified 
VacA A49-57 did not show any structure with either six or seven fold radial symmetry 
observed with the native cytotoxin (Fig. 5). Under acidic treatment, VacA oligomers 
disassemble into monomers and the two structures can be separated by velocity 
sedimentation on glycerol density gradients (25). As expected the pattern of 
sedimentation of SPM 326 concentrated supernatant was different between acidic and 
neutral pH whereas it was exactly the same for SPM 326-A49-57 (Fig. 5). This 
demonstrates that VacA A49-57 fails to form oligomeric structures at neutral pH and that 
the structure observed by transmission electron microscope is the monomer. 
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VacA A49-57 is a dominant negative mutant 

The vacuolating activity of the native toxin can be abolished by introducing mutated 
VacA into the oligomer (29). We next investigated if mixing wild type VacA with VacA 
A49-57 can interfere with the formation of vacuoles. A fixed concentration of acid 
activated VacA was incubated with increasing concentrations of VacA A49-57, acid 
activated when indicated, before addition to the medium overlying HeLa cells. VacA 
A49-57 clearly affects the cytotoxic activity of wild type VacA in a dose dependant 
manner (Fig 6). When the two toxins were present in equimolar concentrations, VacA 
A49-57 completely inhibited the activity of the native protein. Heat inactivated VacA 
A49-57 (10 min at 95°C) was also tested in an equimolar concentration but did not 
present any inhibitory effect (data not shown). Surprisingly, the pattern of inhibition of 
VacA A49-57 was dependent on acid treatment (Fig. 6). Non acid activated VacA A49-57 
completely inhibited the vacuolating activity of wild type VacA whereas acid activated 
VacA A49-57 affected the cytotoxic activity only by 50 %. Thus VacA A49-57 exerted a 
dominant negative effect only when it was not acid activated. 

VacA A49-57 disturbs wild type VacA oligomer reformation 

In order to explain the dominant negative phenotype of VacA A49-57, we next sought to 
determine whether VacA monomers produced by acidification could reassemble into 
oligomers in the presence of the mutated toxin. A solution with equimolar concentrations 
of VacA A49-57 and VacA was visualized by transmission electron microscope after 
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quick freeze, deep etch preparation. The electron micrograph presented two kinds of 
structure, the oligomer characteristic of native VacA and a smaller structure also 
observed in figure 5 corresponding to the VacA A49-57 monomer (Fig. 7A). When VacA 
was acidified 5 min at room temperature and neutralized before addition of mutated 
toxin, the high molecular weight structure disappeared (Fig. 7B). In order to prove that 
the absence of oligomers was due to VacA A49-57 and not to acid treatment, purified 
acidified VacA was also submitted to quick freeze, deep etch preparation. As shown in 
figure 7C, this procedure yielded a relatively disorganized flower-shaped structure 
similar to the VacA oligomers already described (25). Moreover, glycerol gradient 
sedimentation experiments on concentrated culture supernatant (Fig. 7C lower panel) 
demonstrated that VacA A49-57 was responsible of the phenomenon since concentrated 
supernatant of SPM 326-A49-57 induced monomerisation of VacA in SPM 326 acid 
activated preparations whereas SPM 326K02 did not (Fig. 7C lower panel). In 
conclusion, loss of vacuolating cytotoxic activity of wild type VacA in the presence of an 
equimolar amout of VacA A49-57 was correlated with the disappearance of high 
molecular weight structures in solution, and this inhibitory effect was dependent on the 
acid activation of native VacA. 

Low concentration of formaldehyde in the presence of free lysine has been succesfully 
used to cross-link VacA monomers and detoxified the toxin (41). To further understand 
the process by which VacA A49-57 blocks VacA oligomer reformation, we incubated 
SPM 326 acid activated concentrated supernatant with equal amounts or an excess of 



17 

VacA dominant negative mutant 



SPM 326-A49-57 supernatant before treatment with formaldehyde in the presence of free 
lysine. As shown in figure 8, formaldehyde treatment of wild type toxin resulted in the 
appearance of high molecular mass species corresponding to the expected size of the 
dimer and the trimer, and disappearance of the band corresponding to the VacA 
monomer. In the presence of VacA A49-57, the amount of mononer increased since the 
mutated toxin does not oligomerize. Surprisingly, the dimer appears to be prevalent 
whereas the trimer disappeared. This effect was accentuated when the mutated toxin was 
in excess. 

Interaction of p37/p58 and p37A49-57/p58 in a yeast two-hybrid system. 

Recently, it has been shown that the yeast two-hybrid system can be used to characterize 

interactions between the two domains of VacA, p37 and p58 (47). Since the A49-57 

deletion in the p37 domain affects the interaction between the VacA domains necessary 

for the formation of oligomers, we decided to use this system to test if the interactions 

between the p37 and p58 domain were compromised by the deletion, vac A sequences 

encoding p37 and p58 fragments were cloned into plasmids containing the DNA binding 

domain of LexA (pEG202-NLS) and/or the transcription activation domain B42 (pJG4- 

5L) (34). EGY48/pSH 18-34 yeast strain was transformed with all possible combinations 

of the p37 and p58 plasmids. Co-transformants were plated on specific medium for 

positive selection of protein-protein interactions. All co-transformants containing a p58 

hybrid were able to grow on medium lacking leucine even in the absence of the B42 

activating domain (data not shown). This suggests that, the p58 fragment by itself could 
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activate transcription. However, when yeasts were transformed with p37 cloned in 
pEG202-NLS, the reporter genes were activated only in the presence of the plasmid 
pJG4-5L-p58. This combination was used as a positive control for further investigation of 
p37 A49-57/p58 interactions. 

A p-galactosidase liquid assay using yeast extracts was performed to characterize the p37 
A49-57/p58 interactions (Fig. 9). The P-galactosidase activity obtained with yeast 
extracts of stains co-transformed with plasmids pEG202-NLS-p37 A49-57 and pJG4-5L- 
p58 was lower than the activity of yeast expressing wild type p37. Thus, the 8 amino- 
acids deletion in the p37 domain showed a 50 % decrease in the interaction with p58. 
Yeast co-transformed with P EG202-NLS-p37/ pJG4-5L or pEG202-NLS-p37 A49-57/ 
pJG4-5L did not present any P-galactosidase activity whereas the strain transformed with 
pEG202-NLS and pJG4-5L-p58 showed a low activity. This confirms the previous 
observation that the p58 fragment gives a weak activation of transcription in this 
experimental system. 
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Discussion. 

Use of a counterselectable sacB gene from Bacillus subtilis has been successful in the 
past for construction of H.pylori strains producing mutated VacA cytotoxin 
(21,29,35,47). Here, we used the same system to study a region known to be protected 
from proteolysis because of its interaction with artificial membranes (31). 
Purified VacA assembles in high molecular weight oligomers which have a flower-like 
shaped structure when observed by deep etch electron microscopy (24-26). Mutational 
analysis of p37 has shown that the region spanning amino acids 28-196 is important for 
interaction between two adjacent monomers and formation of the global structure 
(29,47). In this study, we show that the region known to be protected from proteolysis, 
(amino acids 49 to 57) is involved in the p37/p58 interaction of two different monomers. 
The mutated VacA protein described in this study was produced and secreted by H. 
pylori in a manner similar to the wild type toxin but lacked vacuolating cytotoxic activity. 
This absence of activity corralated to the incapacity of the toxin to oligomerize, which 
confirms that VacA oligomerization is essential for vacuole formation as already 
described (21,29). So far, this is the smallest deletion capable of blocking the 
oligomerization of VacA. We cannot exclude that this deletion may perturb the correct 
folding of the protein. But it is known that p58 expressed independently of p37 is 
exported correctly and interacts with the surface of target cells (21), suggesting an 
independent folding of the two domains . So we suppose that this deletion can only 
perturb p37 global structure. 
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A previous study showed that the p58 molecule was able to interact with the surface of 
target cells but was not internalized (21). This suggests that either the p37 subunit or the 
ability to form an oligomeric structure is required for cell entry. Here we describe that the 
Vac A A49-57 monomer has the capacity to enter HeLa cells and localise in the cytoplasm 
in a manner similar to what is observed in VacA infected AGS cells (39), demonstrating 
that oligomerization is not necessary for internalization. This mechanism differs from that 
described for the C2 toxin of Clostridium botulinum, a related channel forming molecule 
which needs to form oligomers for cellular uptake (48). We propose that a region of p37, 
different from the region deleted in this study, and still unknown must be involved in 
VacA internalization. 

A remarkable property of VacA A49-57 is its capacity to inhibit the cytotoxic activity of 
the wild type toxin. This phenomenon was probably not due to competition for the 
binding to the VacA receptor. It is known that the p58 domain is responsible for binding 
to the host cell and can fold independently of p37 (21), so VacA A49-57 is expected to 
bind the VacA receptor with the same affinity as the wild type toxin. When the two 
proteins were mixed in equimolar concentrations, a 50 % inhibition of cytotoxic activity 
would be expected. In our case the inhibition was 100 %. Moreover, HeLa cells exhibit a 
high level of nonspecific binding for radiolabeled VacA. Only a small reduction in the 
activity was observed in the presence of a 100-fold excess of unlabeled VacA (49,50). 
VacA A49-57 was able to abolish the cytotoxic activity of wild type VacA in a manner 
similar to VacA A6-27, another dominant negative mutant of K pylori vacuolating toxin 
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(29). VacA A6-27, however, presented a dominant negative phenotype only when it was 
acid activated, while VacA A49-57 was able to inhibit only 50% of VacA activity under 
those conditions. VacA A6-27 forms an oligomer, and after exposure to low pH, 
monomers of VacA A6-27 can interact with monomers of VacA to form dysfunctional 
mixed oligomers (29). In contrast, VacA A49-57 does not oligomerize and does not need 
to be acid activated to interact with wild type VacA monomers. We suppose that the 
difference of inhibition observed between acid activated and non acid activated VacA 
A49-57 was the result of a structural damage of the mutated toxin after exposure to acidic 
pH. 

Loss of cytotoxic activity of wild type VacA was correlated with disappearance of VacA 
oligomers as shown by quick freeze, deep etching electron microscopy, and appearance 
of a major band corresponding to the molecular mass of a VacA dimer in SDS PAGE 
after formaldehyde treatment. We propose a model that could explain the dominant 
negative phenotype of VacA A49-57 (Fig. 10). In the presence of equimolar 
concentrations of VacA and VacA A49-57, the p37 domain of the native toxin can bind 
the p58 domain of the mutated toxin, leading to the formation of a heterodimer. Moreover 
due to the deletion in p37, VacA A49-57 fails to bind p58 of the wild type VacA and the 
reformation of VacA oligomers after acid exposure is blocked. Once again this raises the 
possibility that an oligomeric form of VacA might be required for its vacuolating 
cytotoxic activity. 



22 

VacA dominant negative mutant 



In a recent study, using a FLAG- Vac A toxin, which can be cleaved into the p37 and p58 
domains, it has been demonstrated that the two fragments remain physically associated 
after proteolytic cleavage and were still able to form a VacA oligomeric structure (47). 
This suggests that there are two types of interactions between the two domains of VacA: 
intramolecular interactions between the p37 and p58 domains of an individual VacA 
monomer, and intermolecular interactions between p37 and p58 of different VacA 
molecules, necessary for the formation of oligomeric structures. As shown by the yeast 
two-hybrid system, deletion of 8 amino acids deletion in the p37 domain reduced the 
level of interaction with the p58 domain by 50 %. According to the model presented in 
figurelO, we propose that p37 A49-57 lacks the capacity to interact with p58 of another 
monomer and that the region deleted is involved in the intermolecular interactions. 
Over the last 10 years, many studies have shown that due to the formation of a VacA 
anion selective channel, the toxin causes multiple effects on target cells in vitro (7,1 1-18), 
but the in vivo function of VacA and its relevance for Helicobacter pylori initial 
colonization of the stomach remains unclear (51). Since VacA A49-57 is produced and 
correctly secreted by H. pylori and has the capacity to enter epithelial cells without 
inducing a cytotoxic effect, we suggest that it could be used as a tool to understand the 
role of VacA in H. pylori infection. 



VacA dominant negative mutant 



23 



Acknowledgements. 

We thank R. Janulczyk for critical reading of the manuscript. The authors are grateful to 
G. Corsi for the artwork. We thank S. Pasquini, L. Fini and S. Magi for medium 
preparation. 

[Insert Acknowledgements here] 



25 

VacA dominant negative mutant 



Abbreviations. 

] The abbreviations used are: MALT, mucosa-associated lymphoid tissue; PCR, 
polymerase chain reaction; DMEM, Dulbelcco modified Eagle's medium; TCA, 
trichloroacetic acid; ONPG, o-Nitrophenyl-P-D-galactopyranoside 
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Figure Legends. 



Fig. 1. Construction of H. pylori SPM 326-A49-57 using a sacB-based counter- 
selection approach. pBlueScriptKS p37, a plasmid containing a vacA fragment from H. 
pylori SPM 326 was mutated to introduce a Ncol site at the start codon. The kan-sacB 
cassette from pEnKSF (35) was introduced, after PCR amplification, into the NcoVEcoNl 
site of pBlueScriptKS p37 to obtain pKan/sacB. The kan-sacB module contained on 
pKan/sacB was introduced into the genome of H. pylori SPM 326 by homologous 
recombination (A). The resulting strain was VacA' Km r Sue 5 . This mutant was 
transformed with pBS p37-A49-57, in which the nucleotides encoding amino acids 49-57 
of VacA had been deleted (gray box). The kan-sacB cassette was removed by selecting 
for a second allelic-exchange event on the basis of sucrose resistance (B). The resulting 
strain was Km s Suc r and produced a mutated toxin (C). The amino acid numbering 
system used in this figure is based on designating the first amino acid (alanine) of the 
mature secreted toxin as amino acid 1 . 

Fig. 2. Schematic representation of the vacA gene of H. pylori SPM 326-A49-57. 

Fig. 3. Vacuolating activity of purified VacA and VacA A49-57. Wild-type VacA and 
VacA A49-57 (35 |ag/ml) were acid activated for 5 min at room temperature and then 
added to medium overlying HeLa cells for 7 h at 37°C. Vacuolating activity was 
quantified using a neutral red uptake assay. 
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Fig. 4. Localization of the mutated toxin revealed by indirect immunofluorescence 
microscopy. Non acid activated VacA A49-57 (5 |ig/ml) was added to medium overlying 
HeLa cells. After 4 hours of infection, the toxin was stained with a mouse monoclonal 
anti-VacA antibody (C1G9) and a fluorescent labeled anti-mouse Ig secondary antibody. 
A, non permeabilized cells. B, permeabilized cells. 

Fig. 5. Structure analysis of VacA A49-57. (upper panel) Transmission electron 
microscope visualization of purified toxin after quick freeze, deep etch preparation. A, a 
representative field showing a large number of molecules from the preparation of wild- 
type toxin. B, a VacA A49-57 toxin preparation. Bar 100 nm. (lower panel) Glycerol 
gradient sedimentation of concentrated culture supernatants at neutral and acidic pH. 
Concentrated supernatant from strains SPM 326 and SPM 326-A49-57 were centrifuged 
through 10-30% glycerol gradients. Gradients and samples were either at pH 7.5 or pH 3. 
Gradients were fractionated from the top and VacA was detected by Western-blot using 
rabbit polyclonal antibody. 

Fig. 6. Inhibition of wild-type VacA cytotoxic activity by VacA A49-57. Acid 
activated VacA (10 jag/ml) was incubated with varying concentrations of VacA A49-57 
acid activated (black) or not (grey) and then added to the medium overlying HeLa cells 
for 9 h at 37°C. Vacuolating activity was quantified using a neutral red uptake assay. 
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Results are expressed as percentage of neutral red uptake induced by the wild type toxin 
alone. Results represent the mean ± SD from three independent experiments. 

Fig. 7. Effect of VacA A49-57 on wild type VacA oligomerization. The formation of 
oligomers was visualized by electron microscope after quick freeze, deep etch 
preparation and glycerol gradient sedimentation, (upper panels) A representative field 
showing molecules from the preparation of VacA and VacA A49-57 (A); acid activated 
VacA and VacA A49-57 (B) and acid activated VacA alone (C). Bar, 100 nm. (lower 
panels) 10-30% glycerol gradient sedimentation of the corresponding concentrated 
supernatants. Fractions were collected from the top and VacA was detected by Western- 
blot using a rabbit polyclonal antibody. 

Fig. 8. Interaction of VacA and VacA A49-57 in vitro. Acid activated concentrated 
supernatant from wild type strain SPM 326 was incubated with increasing amounts of a 
SPM 326-A49-57 preparation before treatment with formaldehyde. For each ratio, 
formaldehyde-untreated concentrated supernatants were also incubated in the same 
conditions. Samples were analyzed by Western blotting using a rabbit polyclonal 
antibody. Expected size of the monomer (*), dimer (**) and trimer (***) of VacA are 
indicated. 
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Fig. 9. Interaction between wild type p58 and p37 A49-57 in the yeast two hybrid 
system. p37, p37 A49-57 and p58 fragments were cloned into plasmids encoding the 
transcription activation domain (pJG4-5L) and/or the DNA binding domain (pEG202- 
NLS) as described in Materials and Methods. Yeast cells were co-transformed with a 
combination of these plasmids as indicated and two hybrid interactions were quantified 
with a P-galactosidase liquid culture assay, p-galactosidase activity was expressed in 
Miller units. Results represent the mean ± S.D. of activity in three co-transformants 
assessed three different times. 

Fig. 10. Model of VacA inhibition reassembly in the presence of VacA A49-57 after 
acid exposure. Acid exposed VacA oligomers dissociate into monomers and its p37 
domain can interact with the p58 domain of the mutated VacA A49-57 cytotoxin leading 
to the formation of heterodimers. The 8 amino deletion of VacA A49-57 represented by 
the black cross disturbs the successive interaction with p58 necessary for obtaining the 
closing of the oligomer and leading to an unstable structure which has the tendency to 
dissociate. Wild type toxin is represented in blue whereas VacA A49-57 is colored in 
pink. For clarity, the p58 domain is represented without the p37 subunit (21). 



30 

VacA dominant negative mutant 



References 



1. Marshall, B. J., and Warren, J. R. (1984) Lancet 1,1311-1315 

2. Blaser, M. J. (1990) The Journal of Infectious Diseases 161, 626-633 

3. Parsonnet, J., Hansen, S., Rodriguez, L., Gelb, A. B., Warnke, R. A., Jellum, E., 
Orentreich, N., Vogelman, J. H., and Friedman, G. D. (1994) The New England 
Journal ofMedecine 330, 1267-1271 

4. Covacci, A., Censini, S., Bugnoli, M., Petracca, R., Burroni, D., Macchia, G., 
Massone, A., Papini, E., Xiang, Z., Figura, N., and et al. (1993) Proceedings of 
the National Academy of Sciences of the United States of America 90, 5791-5795 

5. liver, D., Arnqvist, A., Ogren, J., Frick, I. M., Kersulyte, D., Incecik, E. T., Berg, 
D. E., Covacci, A., Engstrand, L., and Boren, T. (1998) Science 279, 373-377 

6. Prinz, C, Schoniger, M., Rad, R., Becker, I., Keiditsch, E., Wagenpfeil, S., 
Classen, M., Rosch, T., Schepp, W., and Gerhard, M. (2001) Cancer Research 61, 
1903-1909 

7. Cover, T. L., and Blaser, M. J. (1992) The Journal of Biological Chemistry 267, 
10570-10575 

8. Papini, E., Satin, B., Bucci, C, de Bernard, M., Telford, J. L., Manetti, R., 
Rappuoli, R., Zerial, M., and Montecucco, C. (1997) The EMBO Journal 16, 15- 
24 

9. Molinari, M., Galli, C, Norais, N., Telford, J. L., Rappuoli, R., Luzio, J. P., and 
Montecucco, C. (1997) The Journal of Biological Chemistry 272, 25339-25344 

10. Papini, E., Satin, B., Norais, N., de Bernard, M., Telford, J. L., Rappuoli, R., and 
Montecucco, C. (1998) The Journal of Clinical Investigation 102, 813-820 

1 1 . Willhite, D. C, Cover, T. L., and Blanke, S. R. (2003) The Journal of Biological 
Chemistry 278, 48204-48209 

12. Galmiche, A., Rassow, J., Doye, A., Cagnol, S., Chambard, J. C, Contamin, S., 
de Thillot, V., Just, I., Ricci, V., Solcia, E., Van Obberghen, E., and Boquet, P. 
(2000) The EMBO Journal 19, 6361-6370 

13. Cover, T. L., Krishna, U. S., Israel, D. A., and Peek, R. M., Jr. (2003) Cancer 
Research 63, 951-957 

14. Willhite, D. C, and Blanke, S. R. (2004) Cellular Microbiology 6, 1 43-1 54 

15. Molinari, M., Salio, M., Galli, C, Norais, N., Rappuoli, R., Lanzavecchia, A., and 
Montecucco, C. (1998) The Journal of Experimental Medicine 187, 135-140 

16. Sundrud, M. S., Torres, V. J., Unutmaz, D., and Cover, T. L. (2004) Proceedings 
of the National Academy of Sciences of the United States of America 101, 7727- 
7732 

17. Boncristiano, M., Paccani, S. R., Barone, S., Ulivieri, C, Patrussi, L., liver, D., 
Amedei, A., D'Elios, M. M., Telford, J. L., and Baldari, C. T. (2003) The Journal 
of Experimental Medicine 198, 1887-1897 



31 

VacA dominant negative mutant 



1 8. Gebert, B., Fischer, W., Weiss, E., Hoffmann, R., and Haas, R. (2003) Science 
301, 1099-1102 

19. Telford, J. L., Ghiara, P., Dell'Orco, M., Comanducci, M., Burroni, D., Bugnoli, 
M., Tecce, M. F., Censini, S., Covacci, A., Xiang, Z., and et al. (1994) The 
Journal of Experimental Medicine 179, 1653-1658 

20. Fujikawa, A., Shirasaka, D., Yamamoto, S., Ota, H., Yahiro, K., Fukada, M., 
Shintani, T., Wada, A., Aoyama, N., Hirayama, T., Fukamachi, H., and Noda, M. 
(2003) Nature Genetics 33, 375-381 

21. Reyrat, J. M., Lanzavecchia, S., Lupetti, P., de Bernard, M., Pagliaccia, C, 
Pelicic, V., Charrel, M., Ulivieri, C, Norais, N., Ji, X., Cabiaux, V., Papini, E., 
Rappuoli, R., and Telford, J. L. (1999) Journal of Molecular Biology 290, 459- 
470 

22. Pagliaccia, C, de Bernard, M., Lupetti, P., Ji, X., Burroni, D., Cover, T. L., 
Papini, E., Rappuoli, R., Telford, J. L., and Reyrat, J. M. (1998) Proceedings of 
the National Academy of Sciences of the United States of America 95, 10212- 
10217 

23. de Bernard, M., Burroni, D., Papini, E., Rappuoli, R., Telford, J., and 
Montecucco, C. (1998) Infection and Immunity 66, 6014-6016 

24. Lupetti, P., Heuser, J. E., Manetti, R., Massari, P., Lanzavecchia, S., Bellon, P. L., 
Dallai, R., Rappuoli, R., and Telford, J. L. (1996) The Journal of Cell Biology 
133, 801-807 

25. Cover, T. L., Hanson, P. I., and Heuser, J. E. (1997) The Journal of Cell Biology 
138, 759-769 

26. Adrian, M, Cover, T. L., Dubochet, J., and Heuser, J. E. (2002) Journal of 
Molecular Biology 318, 121-133 

27. Tombola, F., Carlesso, C, Szabo, I., de Bernard, M., Reyrat, J. M., Telford, J. L., 
Rappuoli, R., Montecucco, C, Papini, E., and Zoratti, M. (1999) Biophysical 
Journal 76, 1401-1409 

28. Szabo, I., Brutsche, S., Tombola, F., Moschioni, M., Satin, B., Telford, J. L., 
Rappuoli, R., Montecucco, C, Papini, E., and Zoratti, M. (1999) The EMBO 
Journal IS, 5517-5527 

29. Vinion-Dubiel, A. D., McClain, M. S., Czajkowsky, D. M., Iwamoto, H., Ye, D., 
Cao, P., Schraw, W., Szabo, G., Blanke, S. R., Shao, Z., and Cover, T. L. (1999) 
The Journal of Biological Chemistry 274, 37736-37742 

30. McClain, M. S., Iwamoto, H., Cao, P., Vinion-Dubiel, A. D., Li, Y., Szabo, G., 
Shao, Z., and Cover, T. L. (2003) The Journal of Biological Chemistry 278, 
12101-12108 

3 1 . Wang, X., Wattiez, R., Paggliacia, C, Telford, J. L., Ruysschaert, J., and 
Cabiaux, V. (2000) FEBS Letters 481, 96-100 

32. Marchetti, M., Arico, B., Burroni, D., Figura, N., Rappuoli, R., and Ghiara, P. 
(1995) Science 267, 1655-1658 

33. Atherton, J. C, Cao, P., Peek, R. M., Jr., Tummuru, M. K., Blaser, M. J., and 
Cover, T. L. (1995) The Journal of Biological Chemistry 270, 17771-17777 

32 

VacA dominant negative mutant 



34. Golemis, E., and Serebriiski, I. (1998) in Cells: A laboratory manual (Spector, D. 
L., Goldman, R. D., and Leinwand, L. A., eds) Vol. 1, pp. 69-69.40, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY 

35. Copass, M., Grandi, G., and Rappuoli, R. (1997) Infection and Immunity 65, 
1949-1952 

36. Manetti, R., Massari, P., Burroni, D., de Bernard, M., Marchini, A., Olivieri, R., 
Papini, E., Montecucco, C, Rappuoli, R., and Telford, J. L. (1995) Infection and 
Immunity 63, 4476-4480 

37. de Bernard, M., Papini, E., de Filippis, V., Gottardi, E., Telford, J., Manetti, R., 
Fontana, A., Rappuoli, R., and Montecucco, C. (1995) The Journal of Biological 
Chemistry 270, 23937-23940 

38. Heuser, J. E. (1983) Journal of Molecular Biology 169, 155-195 

39. liver, D., Barone, S., Mercati, D., Lupetti, P., and Telford, J. L. (2004) Cellular 
Microbiology 6, 167-174 

40. Reyrat, J. M., Charrel, M., Pagliaccia, C, Burroni, D., Lupetti, P., de Bernard, M., 
Ji, X., Norais, K, Papini, E., Dallai, R., Rappuoli, R., and Telford, J. L. (1998) 
FEMS Microbiol Lett 165, 79-84 

41 . Manetti, R., Massari, P., Marchetti, M., Magagnoli, C, Nuti, S., Lupetti, P., 
Ghiara, P., Rappuoli, R., and Telford, J. L. (1997) Infection and Immunity 65, 
4615-4619 

42. Di Giaimo, R., Riccio, M., Santi, S., Galeotti, C, Ambrosetti, D. C, and Melli, 
M. (2002) Human Molecular Genetics 11, 2941-2950 

43. Schiestl, R. H., and Gietz, R. D. (1989) Current Genetics 16, 339-346 

44. Sledziewski, A. Z., Bell, A., Yip, C, Kelsay, K., Grant, F. J., and MacKay, V. L. 
(1990) Methods in Enzymology 185, 351-366 

45. Reyrat, J. M., Pelicic, V., Gicquel, B., and Rappuoli, R. (1998) Infection and 
Immunity 66, 401 1-4017 

46. de Bernard, M., Arico, B., Papini, E., Rizzuto, R., Grandi, G., Rappuoli, R., and 
Montecucco, C. (1997) Molecular Microbiology 26, 665-674 

47. Torres, V. J., McClain, M. S., and Cover, T. L. (2004) The Journal of Biological 
Chemistry 279, 2324-2331 

48. Barth, H., Blocker, D., Behlke, J., Bergsma-Schutter, W., Brisson, A., Benz, R., 
and Aktories, K. (2000) The Journal of Biological Chemistry 275, 18704-1871 1 

49. Ricci, V., Galmiche, A., Doye, A., Necchi, V., Solcia, E., and Boquet, P. (2000) 
Molecular Biology of the Cell 11, 3897-3909 

50. McClain, M. S., Schraw, W., Ricci, V., Boquet, P., and Cover, T. L. (2000) 
Molecular Microbiology 37, 433-442 

51. Salama, N. R., Otto, G., Tompkins, L., and Falkow, S. (2001) Infection and 
Immunity 69, 730-736 



33 

VacA dominant negative mutant 




OJD 




OJD 




OX) 





X 



IT) 

OJD 




OX) 




On 



00 

oh 
E 




OX) 



Article No. jmbi. 1999.2877 available online at http://www.idealibrary.com on IDi^l* J. MoL Biol. (1999) 290, 459-470 



JMB 



3D Imaging of the 58 kDa Cell Binding Subunit of the 
Helicobacter pylori Cytotoxin 

Jean-Marc Reyrat 1 , Salvatore Lanzavecchia 2 , Pietro Lupetti 3 , Marina de 
Bernard 4 , Cristina Pagliaccia 1 , Vladimir Pelicic 4 , Marie Charrel 1 
Cristina Ulivieri 3 , Nathalie Norais 1 , Xuhuai Ji\ Veronique Cabiaux 5 
Emanuele Papini 4 , Rino Rappuoli 1 and John L. Telford 1 * 



*1RIS, Chiron S.p.A, via 
Fiorentina 1, 53100, Siena 
Italy 

2 Dipartimento di Chimica 
Strutturale e Stereochimica 
Inorganica, Universita di 
Milano, 20133, Milano, Italy 

3 Dipartimento di Biologia 
Evolutiva, Universita di Siena 
53100, Siena, Italy 

4 Centro CNR 

BiomembraneDipartimento di 
Scienze Biomediche, Universita 
di Padova, 35121, Padova, Italy 

5 Laboratoire de Chimie 
Physique des Macromolecules 
aux interfaces, CP 206/2, 
Universite libre de Bruxelles Bd 
du triomphe, 1050 Bruxelles 
Belgium 

^Corresponding author 



Pathogenic strains of Helicobacter pylori produce a potent exotoxin, VacA, 
which intoxicates gastric epithelial cells and leads to peptic ulcer. The 
toxin is released from the bacteria as a high molecular mass homo-oligo- 
of a 95 kDa polypeptide which undergoes specific proteolytic 



mer 



cleavage to 37 kDa and 58 kDa subunits. We have engineered a strain of 
H. pylori to delete the gene sequence coding for the 37 kDa subunit. The 
remaining 58 kDa subunit is expressed efficiently and exported as a 
soluble dimer that is non-toxic but binds target cells in a manner similar 
to the holotoxin. A 3D reconstruction of the molecule from electron 
micrographs of quick-freeze, deep-etched preparations reveals the contri- 
bution of each building block to the structure and permits the reconstruc- 
tion of the oligomeric holotoxin starting from individual subunits. In this 
model P58 subunits are assembled in a ring structure with P37 subunits 
laying on the top. The data indicate that the 58 kDa subunit is capable of 
folding autonomously into a discrete structure recognizable within the 
holotoxin and containing the cell binding domain. 
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Introduction 

About 60% of the world population is chroni- 
cally infected by Helicobacter pylori, a microaerophi- 
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lie, Gram-negative bacterium that causes gastritis, 
peptic ulcer, MALT lymphoma and increases the 
risk of gastric cancer (Warren & Marshall, 1983; 
Parsonnet et ah, 1991). The bacterium, produces a 
secreted protein toxin which plays a key role in the 
gastric epithelial errosion and ulceration (Telford 
et al, 1994a,b; Marchetti et al, 1995; Cover, 1996; 
Labigne & de Reuse, 1996; Dunn et al, 1997). The 
toxin, produced as a 140 kDa precursor, is 
exported as a 95 kDa polypeptide after cleavage of 
the C-terminal 45 kDa (Telford et al, 1994a,b; 
Schmitt & Haas, 1994). The C-terminal domain 
shows homology with the C-terminal domain of a 
number of secreted proteins (Loveless & Saier, 
1997), which is responsible for outer-membrane 
export through the autotransporter pathway 
(reviewed by Holland, 1998). The purified toxin 
observed by electron microscopy is a high molecu- 
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lar mass regular flower-shaped oligomer with 
6-fold or 7-fold radial symmetry (Lupetti et al, 
1996; Cover et al, 1997; Lanzavecchia et al, 1998). 
After release from the bacterium each monomer 
can be cleaved at a specific hydrophilic loop into 
two fragments of 37 kDa and 58 kDa that remain 
associated in the oligomeric structure, suggesting 
that they may represent two distinct cytotoxin sub- 
units (Telford et al, 1994a; Lupetti et al, 1996); 
however, the location of the subunits in the holo- 
toxin is not yet described. 

Prior to exerting its toxic activity, VacA binds to 
a specific receptor (Yahiro et al, 1997; Massari et al, 
1998) and is internalized by the cell (Garner & 
Cover, 1996; Massari et al, 1998). DNA transfection 
experiments have shown that VacA acts in the 
cytosol, since intracellular expression of the vacA 
gene resulted in full vacuolating activity (de 
Bernard et al, 1997). Vacuolating activity is the 
result of altered intracellular vesicle trafficking, 
which leads to the accumulation of hybrid com- 
partment containing markers of late endosomes 
and lysosomes (Molinari et al, 1997). Vacuolation 
requires the activity of the small GTP binding pro- 
tein Rab7 (Papini et al, 1997). Moreover, VacA has 
been shown to impair the degradative properties 
of the endocytic pathway in HeLa cells (Satin et al, 
1997) and antigen presentation by B-cells by pre- 
venting processing and maturation of antigens 
(Molinari et al, 1998). 

These data suggest that VacA may have simi- 
larities with the AB family of dichain toxins in 
which the B or binding moiety is involved in cell 
interaction and translocation of the A or active 
moiety into the cytoplasm of the cell. However, so 
far little is known about the structure of the 
domains of the VacA molecule and their function. 
Recently some progress in understanding the func- 
tion of the P58 and the P37 moieties has been 
made. An allelic variant of VacA (m2), which dif- 
fers extensively in an approximately 300 amino 
acid segment of the p58 domain, failed to bind and 
to intoxicate HeLa cells, indicating a role for this 
domain in cell binding (Pagliaccia et al, 1998). 



Interestingly, the m2 variant bound to and intoxi- 
cated another epithelial cell line, suggesting recog- 
nition of different receptors by the two isoforms. 
Furthermore, transfection of HeLa cells with a 
gene coding for the P37 from which most of the 
sequence coding for the P58 subunit had been 
deleted induced vacuole formation, suggesting that 
the P37 subunit is responsible for the vacuolating 
activity (de Bernard et al, 1998). 

We have modified the vacA gene in a toxigenic 
strain of H. pylori to express only the putative B 
subunit (P58) of the vacuolating cytotoxin. The P58 
moiety was expressed and secreted in the super- 
natant as a soluble molecule independently of the 
P37 subunit. Moreover, purified P58 bound 
eukaryotic cells but was not endocytosed and did 
not cause intoxication. Finally, electron microscopy 
and 3D image reconstruction of quick-freeze, deep- 
etch preparation of the P58 replicas, permitted the 
reconstruction of the global architecture of the P58 
molecule and to propose a model of the wild-type 
holotoxin. 

Results 

The P58 domain is produced and exported 
correctly 

Attempts to produce active recombinant VacA in 
Escherichia coli expression systems have failed. The 
produced protein invariably formed inclusion 
bodies of insoluble protein and after solubilization 
was recognized only poorly by antisera raised 
against the native protein indicating incorrect fold- 
ing (Manetti et al, 1995; Massari et al, 1998). 
Hence, in order to study the structure and function 
of the individual subunits we engineered the gene 
coding for VacA in an H. pylori strain to express 
only the 58 kDa (P58) subunit (Figure 1). To 
achieve this, we used the restriction sites EcoRI and 
EcoNl to construct a plasmid containing the vacA 
gene lacking the sequence coding for most of the 
P37 subunit (amino acid residues 91 to 330). This 
construct (vacAPSS) carries sequences coding for 
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Figure 1. Schematic represen- 
tation of the wild-type vac A gene 
(a), the in vitro constructed vacA 
P58 gene (b), the expected product 
of the vacA P58 gene (c), and the 
product obtained (d). 
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the signal peptide, 66 residual amino acids of P37, 
the full P58 domain and the C- terminal domain 
required for outer-membrane export (Loveless & 
Saier, 1997). This construct was introduced into an 
H. pylori strain in which the vacA gene had been 
interrupted with a cassette carrying a kanamycin 
resistance gene and the sacB counter-selectable 
marker (Copass et al, 1997). Clones in which the 
cassette had been substituted with the vacAP58 
construct (H. pylori SPM 326-P58) were selected by 
growth in sucrose and sensitivity to kanamycin. 

In order to check the expression of the vacAP58 
construct, water-extracts from wild-type H. pylori 
SPM 326 and from the mutant H. pylori SPM 326- 
P58 were prepared and analysed by Western-blot 
using a polyclonal antiserum which recognizes 
both subunits of VacA (Telford et al, 1994b). As 
expected, in the water-extract of the wild-type 
H. pylori SPM 326, we detected the 95 kDa poly- 
peptide corresponding to VacA monomer while in 
the case of H. pylori SPM 326-P58, we detected a 
band with an apparent molecular mass of approxi- 
mately 60 kDa (Figure 2(a)). 

Immunoblot analysis of bacterial pellet and 
supernatant revealed that the P58 molecule was 
released in the supernatant as efficiently as the 
wild-type VacA (Figure 2(b)). The apparent mol- 
ecular mass of approximately 60 kDa was compati- 
ble with the predicted molecular mass of the 
construct (63,776 Da). The absence in the culture 
supernatant of cytoplasmic contaminants due to 
bacterial lysis was confirmed by demonstrating the 
absence in this fraction of a 80 , a marker of cyto- 
plasmic proteins (Figure 2(c)). We conclude that 
the P58 molecule is produced, correctly processed 
and efficiently exported in a soluble form to the 
bacterial supernatant, suggesting a structural 
autonomy for this domain. 

The P58 molecule was purified from a culture 
supernatant from H. pylori SPM 326-P58 using a 
recently described immuno-affinity procedure 
(Reyrat et al, 1998). The amino- terminal sequence of 
the purified material was found to be G-K-G-F-N, 
corresponding to amino acid 87 to 91 in the VacA 
protein. This showed that in addition to the signal 
peptide, most of the remaining P37 has been proteo- 
litically removed leaving the entire 58 kDa subunit 



plus 27 additional amino acid residues at the amino 
terminus (Figure 1(d)). The calculated mass of this 
P58 molecule is 58,268 Da. The P58 molecule was 
recognized by a monoclonal antibody, G1G9, 
directed against a conformational epitope (Reyrat 
et al, 1998), suggesting at least a partially correct 
folding for this subunit (data not shown). 

The P58 molecule forms a dimer 

The purified P58 molecule was observed by 
quick-freeze, deep-etch electron microscopy. In this 
procedure, the protein is first adsorbed onto mica 
flakes, flash-frozen and shadowed with carbon and 
platinum. The extremely rapid freezing prevents 
the distortion of the molecules which may occur 
using other techniques and allows the mold to rep- 
resent accurately the surface of the molecule. The 
electron micrographs show that the majority of the 
purified material is structurally homogeneous with 
molecule replicas having a small rod shape of 
about 21 nm x 9 nm in size (Figure 3(a)). In com- 
parison, the holotoxin molecule appears as a 
flower-like structure with a diameter of about 
30 nm. Images of P58 subunits were aligned and 
processed by statistical classification and image 
averaging (Lanzavecchia et al, 1998). The resulting 
image revealed that the molecule has dyad sym- 
metry and that each half of the molecule has a 
curved appearance remarkably similar to the petals 
of the intact oligomeric toxin (see boxed monomers 
in Figure 3(b)). 

All images appeared with the same handed- 
ness and statistical analysis was not able to evi- 
dence any group of molecules with opposite 
chirality. This suggests a strong interaction 
between the negatively charged mica surface and 
one face of the P58 molecule, as described for 
the WT oligomers (Lanzavecchia et al, 1998). 
This feature makes the sample suitable for a ran- 
dom conical tilt reconstruction of the replicas 
(Radermacher et al, 1987; Lanzavecchia et al, 
1998). According to this strategy of electron tom- 
ography (Frank, 1992) the 3D map of the replica 
is computed by using pairs of micrographs 
portraying the same field at 0° and 45° tilt 
angles. The reconstructions produced emphasize 



\ B * C *> D , Figure 2. (a) Immunoblot of 

. ^ ^ ^ s ^ Or A * denaturing SDS-PAGE of VacA 

kita * p s p s p s p s k[>j V> * * 1* and p58 * ^ water . extracts of 

200— - - 200- mm H. pylori SPM 326 and of H. pylori 

I SPM 326-P58. (b) Immunoblot of 

m * - * H6- mb denaturing SDS-PAGE of localiz- 

r >~ — "* — — * , 9?- * m ~* ation 0 f vacA and P58 in H. pylori 

_ * - ~ eo- ♦ SPM 326 and in K W lori SPM 326 ~ 

A p ^8. P, pellet, S, supernatant. 

45 ^ ^ ^ • (c) Immunoblot of denaturing SDS- 

- 45- ■ PAGE of localization of a 80 in 

? , H. pylori SPM 326 and of H. pylori 

31 * * ' . SPM 326-P58. (d) Coomassie blue 

*i * Jfc J*fc staining of purified VacA, pro- 

anli - H am, B cessed VacA, and P58. 



462 



The P58 Subunit of VacA 




Figure 3. (a) Electron micrograph of purified VacA 
and P58. The bar represents 50 nm. (b) Average images 
of aligned molecules, (c) 3D top views of the reconstruc- 
tions of the mold, (d) 3D bottom views of the 
reconstructions of the mold. Left panel, P58; right panel, 
WT VacA. 



considerably the similarity in structure between 
the halves of the p58 molecules and the petals 
of the holotoxin (Figure 3(c)). 

In the reconstructions, also the lower face of the 
metal mold can be visualized, revealing the 
volume occupied by the molecule (Figure 3(d)). 
Moreover, 3D reconstruction allowed us to have a 
precise estimation of the dimensions of the 
molecule, and to compare these data with the ana- 
logous reconstruction of the intact toxin. After sub- 
traction of the metal coal, the P58 complex is about 
15 nm x 4 nm whereas the diameter of the intact 
toxin is 24 nm. The height of the molecules, 
5-6 nm, is similar to that of the peripheral arms of 
the intact oligomer (see Lanza vecchia et aL, 1998). 
The handedness of the P58 molecule coincides 



with that of the intact oligomer, suggesting that 
P58 subunits are arranged to form the radial arms 
of the molecule. However, the dimensions of the 
molecules observed are too large to be accommo- 
dated within the holotoxin structure. In fact, the 
overall length of the P58 molecules is about twice 
that of the intact arms of the holotoxin 
(Lanzavecchia et al, 1998). This and the dyad sym- 
metry of the molecules suggest strongly that the 
P58 molecules observed on the Mica are dimers of 
the 58 kDa subunit. 

Efforts to confirm the dimeric nature of the P58 
in solution by electrophoresis or gel filtration in the 
absence of denatu ration were thwarted by the ten- 
dency of the molecule to interact with the support, 
which resulted in retarded and anomalous 
migration (data not shown). However, mild cross- 
linking with the bivalent reactive compound DMS 
(dimethylsuberimidate), resulted in the appearance 
of a high molecular mass species that appears as a 
smear between 120 and 150 kDa in denaturing 
poly aery lamide gel electrophoresis (Figure 4(a)). 
The observed molecular mass after cross-linking 
strongly suggests the presence of a dimer. The 
smear is likely to be due to incomplete denatura- 
tion due to the cross-linking within the molecule, 
as otherwise discrete bands corresponding to mul- 
tiples of the 58 kDa would be expected. There was 
no increase in the high molecular mass material 
observed even at fivefold higher concentration of 
cross-linker (data not shown), indicating that cross- 
linking occurred between preformed dimers. 

These data were confirmed by a mass determi- 
nation of a cross-linked sample. Figure 4(b) clearly 
shows the presence of three signals of m/z of 
30,556, 61,145 and 123,329 in the mass spectrum. 
These values correspond well with those calculated 
for the double and single protonated form of the 
P58 monomer and to the dimeric form of the P58 
molecule. As calibration was done using a single 
external standard, the error in mass is expected to 
be within 300-400 Da. In addition, the number of 
molecules of cross-linker (M w 241) contributing to 
the mass is unknown. Only a single sharp peak 
was observed at the position of the dimer, confirm- 
ing that the smear observed in SDS-PAGE was due 
to cross-linking in different conformations. No 
material whatever was detected at m/z ratios high- 
er than that corresponding to the dimer. In the 
absence of cross-linker, the peak corresponding to 
the dimer {m/z 117,486) was, as would be expected 
from the strong chemical conditions of the assay, 
very much reduced compared to the two major 
signals of m/z 29,223 and 58,862 corresponding, 
respectively, to the double and single protonated 
form of the P58 monomer (Figure 4(c)). The mass 
of the P58 molecule in the absence of the cross- 
linker was very similar to the calculated mass 
(58,662/58,268), thus confirming that the proces- 
sing site at the C terminus is at or within a few 
amino acid residues of that of the wild-type VacA. 

We conclude from these data, taken together, 
that the structures observed in the EM are of 
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Figure 4. (a) Western blot analy- 
sis of P58 or P58 incubated with 
2 mg/ml (final concentration) DMS 
as described in Materials and 
Methods- (b) Maldi-tof analysis 
of the cross-linked P58 material, 
(c) Maldi-tof analysis of P58 not 
treated with cross-linker. 



dimers of the 58 kDa subunit and that each half of 
the dimer corresponds to the peripheral petal 
structure observed in the reconstructions of the 
oligomeric holotoxin. 

The P58 domain interacts with the surface of 
target cells 

Binding of P58 to target cells was assessed by 
indirect immunofluorescence and flow cytometry. 
As seen in Figure 5, the purified P58 molecule 
gave saturable binding with a dose response simi- 
lar to the wild-type VacA, indicating that even in 
the absence of the 37 kDa subunit, P58 has a con- 
formation still capable of interacting with the cell. 
It should be noted that a recombinant form of 
VacA, which does not fold correctly, failed to bind 
target cells (Massari et cil, 1998). Binding was con- 
firmed by immunoflourescence microscopy. As 



seen in Figure 6(a), cells treated by P58 at 0°C 
were labelled at the level of the plasma membrane 
with an anti-VacA polyclonal serum, demonstrat- 
ing that P58 is able to interact with the surface of 
the target cell. In contrast to the intact VacA, the 
P58 moiety was, however, not internalized after 
binding as cytoplasmic fluorescence could not be 
detected in cells incubated with P58 at 37 °C for 
four hours (Figure 6(b) and (c)). Cells treated with 
the wild-type toxin and probed with the C1G9 
mAb, which recognizes a conformational epitope 
localized in the P58 moiety (Reyrat et ah, 1998), 
gave a very clear cytoplasmic signal, demonstrat- 
ing unambiguously that in the context of the intact 
oligomer, the P58 subunit was efficiently interna- 
lized (Figure 6(d)). These results suggest that either 
the P37 subunit is required for cell entry or that 
the hexameric structure may be important for a 
productive interaction with the cell. 



200 , 




Figure 5. Binding of VacA and P58 to RK-13 cells. 
Cells were incubated at 0°C with increasing concen- 
trations of VacA or P58 and the binding was revealed 
by flow cytometry using ml specific antiserum and 
FITC-labelled anti-rabbit Ig. VacA (□), P58 (■). MFI, 
mean fluorescence intensity. 



P58 is devoid of cytotoxic activity 

The H. pylori SPM 326-P58 strain was assessed 
for cytotoxicity in the well characterized HeLa cell 
assay. Water-extracts were prepared and the extent 
of vacuolation was quantified using the neutral red 
uptake method (Cover & Blaser, 1992). As seen in 
Figure 7(a), water-extract from the wild-type strain 
(H. pylori SPM 326) induce a significant neutral red 
uptake, whereas water extract of the H. pylori SPM 
326-P58 strain did not induce any significant 
neutral red uptake. The level of neutral red uptake 
induced by a water-extract of the H. pylori SPM 
326-P58 was similar to an extract of an isogenic 
strain in which the vac A gene had been 
interrupted, thus demonstrating that this molecule 
was devoid of any cytotoxicity. 

It has been shown that the K pylori strain 
expressing the VacA cytotoxin possesses the ability 
to induce a decrease in the trans-epithelial resist- 
ance (TER) of a polarized epithelial cells monolayer 
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Figure 6. (a) Binding of P58 to 
HeLa cells revealed by indirect 
immunofluorescence microscopy 
using rabbit polyclonal immunoglo- 
bulin, (b) Lack of intracellular 
staining of P58 in HeLa cells, 
(c) Control of internalization of 
native VacA by HeLa cells detected 
after membrane solubilization, (d) 
Detection of intracellular 58 kDa 
subunit with P58 specific mAb 
(C1G9) in cells treated with native 
VacA. 



(Papini et al, 1998; Pelicic et al, 1999). Such activity 
was investigated for H. pylori SPM 326-P58. We 
found that this strain, like the vac A" knock-out 
strain (H, pylori vacAr.Km), was devoid of any TER 
activity, while the WT strain was able to induce a 
clear decrease of TER (Figure 7(b)). 

To exclude that the lack of activity of the P58 
molecule was not due to its inability to be interna- 
lized, HeLa cells were transfected with a construct 
encoding either the WT VacA or the P58 molecule 
and the extent of vacuolation was quantitated 
using the neutral red uptake. After four hours of 
expression, massive vacuolation was observed in 
the case of the construct encoding the wild-type 
molecule but not in the case of the construct encod- 
ing the P58 molecule, even after longer expression 
time (Figure 7(c)). However, immunofluorescence 
microscopy showed that the P58 molecule was 
expressed intracellularly (data not shown). 

These results demonstrate that the construct 
encoding the P58 molecule is devoid of cytotoxic 
activity, as assessed by both TER and vacuolation 
assays whether added extracellularly or when 
expressed intracellularly in eukaryotic cells. Thus, 
it is very likely that the P37 molecule carries the 
region responsible for cell vacuolation. 



Discussion 

Many bacterial protein toxins are arranged in 
structural domains corresponding to distinct func- 
tions. In the AB family of dichain toxins, the A 
moiety, which contains the catalytic activity, is 



associated with an independently structured B 
moiety responsible for receptor interaction and 
translocation to the cytoplasm. The A and B 
subunits may be expressed as part of the same pre- 
cursor polypeptide as is the case for diphtheria 
toxin, or they may be the products of independent 
genes as is the case for the heteropentameric B 
moiety of pertussis toxin (Domenighini et al, 1995). 
One characteristic of these domain structures is 
that they are frequently capable of folding correctly 
in isolation from the other subunit. Here we have 
shown that the 58 kDa product of natural proteol- 
ysis of VacA can be efficiently expressed and 
secreted as a soluble molecule by H. pylori inde- 
pendently of the 37 kDa fragment, suggesting an 
independent folding and also an independent func- 
tion. The compact structure of the P58 domain was 
also supported by the proteolytic removal of the 54 
amino acid residues, corresponding to part of the 
P37 subunit, which remain in the truncated 
construct and its interaction with a mAb recogniz- 
ing a conformational epitope in the native mol- 
ecule. It is worth noting that a similar domain 
expressed in an heterologous context, in E. coli, 
give place to inclusion bodies, and the solubilized 
protein neither bound to target cells nor was recog- 
nized by mAb C1G9, thus suggesting missfolding 
(Manetti et al, 1995; Massari et al, 1998). 

Interestingly, the P58 molecule forms a dimeric 
structure in solution. This may reflect the inter- 
action, in the intact molecule, involved in holding 
together the oligomeric structure. However, it is 
difficult to understand why the P58 domain should 
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p95 p58 
pGEM 

Figure 7. (a) Vacuolation of HeLa cells in response 
to water-extracts of H. pylori SPM 326 (□), H. pylori 
SPM 326 vacAr.Km (O), or H. pylori SPM 326-P58 
(■) as determined by the neutral red uptake assay, 
(b) Decrease in trans-epithelial resistance (TER) of 
MDCK cells in response to H. pylori SPM 326 (□), 
H. pylori SPM 326 vacAnKm (O), or H. pylori SPM 



form dimers rather than hexamers. On the other 
hand, the dimerization may be due to interaction 
between hydrophobic surfaces normally masked in 
the intact molecule. One possibility is that this 
region is involved in the interaction between the 
58 kDa and the 37 kDa subunits which remain 
associated in the oligomeric structure even after 
cleavage of the connecting loop. This hypothesis is 
supported by observation of the 3D reconstructions 
of the replicas of the P58 and of the intact oligo- 
mer. The P58 molecule has a striking similarity 
with the peripheral arms of the oligomer. Further- 
more, the dimensions of the analogous structure fit 
perfectly with a model in which the 37 kDa sub- 
unit forms a ring structure on top of and at the 
centre of a base formed by the 58 kDa subunit. 
This model is illustrated in the reconstruction 
shown in Figure 8. In Figure 8(a), the structure of 
half of the P58 dimer has been arranged in a ring, 
corresponding to the diameter of the intact oligo- 
mer. In Figure 8(b), a section of the upper part of 
the oligomer shown in Figure 8(c) has been super- 
imposed on the ring of P58 molecules to bring the 
height up to that of the intact oligomer. The two 
parts match each other perfectly and the resulting 
reconstruction is almost identical with the 3D 
reconstruction of the native toxin both in appear- 
ance and in overall dimensions (compare 
Figure 8(b) with (c)). The model gives a clear idea 
of the arrangement of the P37 subunits with 
respect to the P58 subunits. 

From the above reconstruction, it is not clear, 
however, which P37 and P58 subunits belong to 
the same 95 kDa monomer. Individual monomers 
may be simply inserted in the oligomer like 
wedges of a pie. However, we favour a model in 
which the monomers are intercalated with each 
other to form the ring structure in such a way that 
the 37 kDa subunit of one monomer lies on top of 
the 58 kDa subunit of the adjacent monomer, as 
shown in Figure 9. Thus, both P37 and P58 
subunits would contribute to the formation of the 
structure. In support of this model, the putative 
37 kDa subunit appears to lie orientated obliquely 
with respect to the underlying 58 kDa subunit and 
appears to traverse two monomers (best seen in 
the average image in Figure 3(b)). Furthermore, 
shortening of the flexible loop between the 37 kDa 
and 58 kDa subunits constrains the molecule to 
form only hexamers rather than a mixture contain- 
ing predominantly heptamers (Burroni et al, 1998). 
Hence pulling the 37 kDa and 58 kDa subunits 
closer together would reduce the flexibility of the 
interaction and the number of monomers which 
could enter into the structure. This model may also 
explain why the P58 subunit fails to form higher 
oligomers in the absence of the 37 kDa subunit. 



326-P58 (■). (c) Neutral red uptake of HeLa cell 
transfected with pGEMp95 (vac A) or with pGEMp58 
{vacA P58). 
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Figure 8. (a) 3D top view of the hexameric ring of P58 
sub units, assembled in silico by use of reconstructed 
replicas, (b) Superimposition of a hexameric ring 
obtained by subtraction of the P58 ring from the holo- 
toxin replicas onto the assembled ring of P58 fragments 
shown in (a), (c) 3D top view of WT VacA replicas. 




Figure 9. Model of the interaction of the 95 kDa 
monomer in the oligomeric structure. In the proposed 
model, alternate monomers in the oligomeric structure 
are shown in different colours in order to represent the 
interaction of the P37 subunit of one monomer with the 
P58 subunit of the adjacent monomer. P58, P58 subunit; 
P37, P37 subunit; dotted line, connecting loop between 
P58 and P37 subunit. 



The P58 molecule is able to interact with the sur- 
face of target cells, thus strengthening the analogy 
with the B moiety transporter of the AB family of 
toxins. In contrast to the wild-type molecule, the 
P58 subdomain was not internalized by the target 
cell. This would suggest that either the 37 kDa 
subunit or the ability to form an oligomeric struc- 
ture is required for cell entry. The mechanism of 
VacA entry into target cells is still somewhat 
obscure. Several data indicate that internalization 
is not through receptor mediated endocytosis. 
First, VacA requires pretreatment at pH < 5.0 for 
activity (de Bernard et al, 1995). This would be 
unnecessary during normal endocytosis due to the 
lowering of pH in the endosomes. Furthermore, in 
contrast to endocytosis, internalization of VacA is 
very slow, taking several hours (Garner & Cover, 
1996; Massari et al, 1998). Nevertheless, it is clear 
that the P58 dimer has a sufficiently correct struc- 
ture to permit at least a partial functional inter- 
action with the cell. 

Deletion of the central region of the p37 subunit 
abolished cytotoxic activity, showing that this 
region is necessary for cell intoxication and thus 
suggesting strongly that this domain carries the 
toxic activity of VacA. This is in good agreement 
with the report by de Bernard et al (1998) showing 
that more than 250 amino acid residues can be 
removed from the carboxy terminus of VacA with- 
out any loss of intracellular activity. So far, no 
homology with any known protein was found in 
the P37 domain, suggesting a unique mode of 
action of VacA. 
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Taken together these data suggest that VacA has 
properties in common with the AB family of tox- 
ins. However, no catalytic activity has been 
described. Recent data suggest that VacA is 
capable of forming ion conductive channels in arti- 
ficial membranes (Tombola et al, 1999). In this 
regard, aerolysin, produced by Aeromonas hydrophi- 
la, causes vacuolation of the endoplasmic reticulum 
simply by forming pores in the plasma membrane 
of target cells (Abrami et al, 1998). Members of the 
AB type toxin family possess both structural and 
functional similarity. However, despite such ana- 
logy, mechanisms of cell intoxication can be quite 
different. For example, ADP ribosylation in the 
case of cholera toxin or metalloprotease activity in 
the case of botulinum toxin. Furthermore, the way 
in which the B moiety inserts into the lipid bilayer 
can be very different (Cabiaux et al, 1997). 

Materials and Methods 

Nucleotide sequence accession number 

The nucleotide sequence of vacA from H. pylori SPM 
326 has been deposited in the Genome Sequence Data- 
base (GSDB) under accession number AF 050318 (bp 1- 
117), AF 050395 (bp 1175-1614) and AF 050396 (bp 1971- 
2400). The coordinate of the nucleotide sequence has 
been assigned according to Atherton et al (1995). 

Construction of H. pylori SPM 326-P58 

H. pylori SPM 326 that encodes a si ml type (Atherton 
et al, 1995) vac A was chosen because of its relatively 
high transformability. This strain was transformed by 
the plasmid pEnKSF (Copass et al, 1997) and a kanamy- 
cin-resistant sucrose-sensitive clone was selected as 
described (Copass et al, 1997). The H. pylori SPM 
326::pEnKSF was transformed by pRescue (see below) 
and a sucrose-resistant transforrnant coming from hom- 
ologous recombination between the vacA fragment was 
selected as described (Copass et al, 1997). 

The pRescue was obtained in several steps. Primers 
JM3 (5'CCGCCGCTCGAGTGCAACAGAAATTTTCTAG 
TCTA3') and JM4 (5'ACTGGATAAAAGGGATC 
TGTATAA3') were used to amplify the chromosomal 
DNA of H. pylori CCUG 17834, corresponding to the 
region -72, +276. This 399 bp fragment was digested by 
EcoRI (an internal site) and Xhol, a site present in JM3 
primer. The 348 bp fragment was gel-purified. The 
second fragment corresponds to a multiple cloning site 
that was obtained by hybridization of JM1 
(5'AATTCGGATCCCTGCAGCCTCC3') and JM4 (5TGG 
AGGCTGCAGGGATCCG3'), two oligonucleotides 
complementary and antiparallel. This 22 bp fragment 
was digested by EcoRI and EcoNI and ethanol purified. 
This multiple cloning site carries EcoRI, BamHl, Pstl, and 
EcoNI. The last fragment was obtained by purifying the 
EcoNl/Kpnl fragment (1272 bp) of the pEK plasmid 
(Copass et al, 1997). 

The pRescue plasmid was obtained by cloning the 
Xhol/ EcoRI, EcoRI/EcoNI, EcoNl/Kpnl fragment into the 
Xhol/Kpnl sites of pBSK+ (Short et al, 1988). The 
sequence of this plasmid was checked using an auto- 
mated sequencer. It contains the DNA coding for the 
signal sequence plus the 59 amino acid residues of the 



P37 subunit, connected in-frame with the P58 subunit via 
a multiple cloning site (MCS). This MCS can be used to 
fuse various pieces of DNA in order to generate various 
hybrid molecule with the P58 subunit. 

Purification of P58 

For the analysis of the expression, pelleted bacteria 
were resuspended in water, agitated and centrifuged. 
Supernatants of these water-extracts were used in immu- 
noblot assays. The P58 molecule was purified from a 
culture supernatant of H. pylori SPM 326-P58 using the 
immuno-affinity chromatography system previously 
described by Reyrat et al (1998), 

NH 2 -terminal sequencing 

Automated sequence analysis of peptides was per- 
formed on a Beckman sequencer (LF 3000) equipped 
with an on-line phenylthiohydantoin-amino acid analy- 
ser system gold, according to the manufacturer. 

Cross-linking experiments 

Cross-linking experiments: 10 ul of P58 (95 ng/rnl) 
were incubated three hours at room temperature with 
DMS (dimethylsuberimate) at a final concentration of 
2 mg/ml in 0.2 M triethanolamine buffer (pH 8.5). After 
addition of the gel sample buffer, 0.25 of the samples 
were loaded on a SDS-9% PAGE. A similar amount of 
non-cross-linked P58 (2.5 ul) was used as a control to 
determine the amount of cross-linking. The gel was 
transferred onto a nitrocellulose membrane and the pro- 
tein was revealed by immunoblot, using a polyclonal 
serum against the native molecule. For mass determi- 
nation of the species in solution after cross-linking, 35 ul 
of P58 (95 fig/ ml) were incubated as described above 
with DMS at a final concentration 2 mg/ml. 

Maldi-tof mass spectrometry 

Matrix-assisted laser desorbtion ionization-time of 
flight (Maldi-tof) mass spectra was acquired in a linear 
mode on a Brucker (Billerica, Mass.) reflex instrument 
equipped with a nitrogen laser (337 nm, 4 ns pulse). 
Samples were prepared by adding an aliquot of the 
protein in 1 % (v/v) acetic acid to a saturated solution of 
sinapinic acid (3,5-dimethoxy-4-hydroxy-frmis-cinnamic 
acid) (1:5 v/v). Approximately 1 pmol of protein in sina- 
pinic acid was loaded onto the sample target for Maldi- 
tof ms. The air-dried sample matrix mixture was intro- 
duced into the mass spectrometer by means of a vacuum 
lock. Spectra were recorded by using an accelerated vol- 
tage of 28.5 kV. Spectra were calibrated by the analysis 
of a bovine serum albumin dimer (molecular mass, 
132,861), which was used as an external calibrant. 

Quick freeze, deep etching and electron microscopy 

VacA molecules were prepared for microscopy by a 
procedure of absorption to Mica followed by freeze dry- 
ing (Heuser, 1983). The samples were processed as 
described (Lupetti et al, 1996). 

Averaging and 3D reconstruction 

Images were digitized by an Optronics Photoscan 
P1000 at a 25 urn sampling step. A gallery of about 1200 
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untitled images was collected. Images were aligned by a 
reference-free algorithm (Penczek et al, 1992) or using 
handedness-lacking artificial references, and classified by 
correspondence analysis (Benzecri, 1992). A few clusters 
of homogeneous metal-covered replicas were selected 
and processed for random conical tilt reconstruction 
(Radermacher et al, 1987) using corresponding views in 
tilted micrographs, as described by Lanzavecchia et al 
(1998). A few 3D reconstructions were obtained from 
groups of about 200 images each one, with a resolution 
of 2.5 nm estimated by Fourier shell correlation criterion 
(Van Heel 1987). 



Cytotoxicity 

To assay vacuolating activity, HeLa cells were cul- 
tured in plastic flasks in Dulbecco modified Eagle's med- 
ium (DMEM) containing 10% (v/v) fetal calf serum and 
2 mM glutamine at 37 °C in 5% (v/v) C0 2 . The extent of 
vacuolation was determined quantitatively by measuring 
the uptake of neutral red as detailed previously (Cover 
& Blaser, 1992). Evaluation of the trans-epithelium resist- 
ance decrease induced on polarized MCDK cells was as 
described (Papini et al, 1998, Pelicic et al, (1999). 

Expression of VacA P58 in HeLa cells 

The gene encoding the VacA P58 toxin was cloned 
into an expression vector according to de Bernard et al 
(1998). Briefly the sequence coding for amino acid resi- 
dues 34 to 885 was amplified by PCR and cloned into 
plasmid pGEM7Zf(+) (Promega). PCR was carried out 
using, the specific synthetic oligonucleotides, P58f 
5'CCGCGCCTCGAGATGGCCTTTTTCACAACCGTGA- 
TCATTCCAGCC3' and P58r 5'GGGCCAATGCATT: 
TAAGAACGTGCATTGCTAGTGGTGTT3', which were 
engineered in order to contain the start codon (5'ATG 
underlined) the stop codon (5'TTA underlined) and the 
recognition sequence for Xhol and Nsil (bold), respect- 
ively. The PCR product was purified from agarose gel, 
digested by Xhol and Nsil and subsequently cloned into 
the corresponding site of pGEM7Zf(+). This resulting 
plasmid (pGEMp58 J) was used to transfect HeLa cells 
as described (de Bernard et al, 1998). 

Binding of VacA and P58 to RK13 cells 

Binding assays were performed as described 
(Pagliaccia et al, 1998), but using the rabbit kidney cell 
line, RK13. Immune polyclonal IgGs raised against ml 
VacA were used at a concentration of 15 ug/ml. 

Assessment of cytotoxin binding and internalization 
by immunofluorescence microscopy 

For assessment of binding, HeLa cells were incubated 
with P58 at 0°C for one hour, and processed with minor 
modifications as described (Gamer & Cover, 1996). For 
cytotoxin internalization HeLa cells were incubated with 
either P58 or VacA at 37 °C for three hours Cells were 
then fixed and membranes were solubilized as described 
(de Bernard et al, 1997). Cells were probed with either 
anti-native VacA or mAb C1G9, in PBS and incubated 
with cells for one hour. After several washes with PBS, 
fluoresceinated anti-rabbit Ig were diluted 1:2000 in the 
same buffer and added for 30 minutes and then washed. 
Samples were mounted in 90% (v/v) glycerol, 0.2% 



(w/v) N-propylgallate in PBS and observed with a fluor- 
escence microscope (Zeiss, Axioplan). 

Source of anti-cytotoxin sera 

Rabbit serum against ml VacA has been described 
(Manetti et al, 1995). Monoclonal antibody C1G9 has 
also been described (Reyrat et al, 1998). 
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Helicobacter pylori secretes a toxin, Vac A, that can 
form anion-selective membrane channels. Within a 
unique amino-terminal hydrophobic region of VacA, 
there are three tandem GXXXG motifs (defined by gly- 
cines at positions 14, 18, 22, and 26), which are charac- 
teristic of transmembrane dimerization sequences. The 
goals of the current study were to investigate whether 
these GXXXG motifs are required for membrane channel 
formation and cytotoxicity and to clarify the role of 
membrane channel formation in the biological activity 
of VacA. Six different alanine substitution mutations 
(P9A, G13A, G14A, G18A, G22A, and G26A) were intro- 
duced into the unique hydrophobic region located near 
the amino terminus of VacA. The effects of these muta- 
tions were first analyzed using the TOXCAT system, 
which permits the study of transmembrane oligomeriza- 
tion of proteins in a natural membrane environment. 
None of the mutations altered the capacity of ToxR- 
VacA-maltose-binding protein fusion proteins to insert 
into a membrane, but G14A and G18A mutations mark- 
edly diminished the capacity of the fusion proteins to 
oligomerize. We then introduced the six alanine substi- 
tution mutations into the vac A chromosomal gene of H. 
pylori and analyzed the properties of purified mutant 
VacA proteins. VacA-G13A, VacA-G22A, and VacA-G26A 
induced vacuolation of HeLa cells, whereas VacA-P9A, 
VacA-G14A, and VacA-G18A did not. Subsequent exper- 
iments examined the capacity of each mutant toxin to 
form membrane channels. In a planar lipid bilayer as- 
say, VacA proteins containing G13A, G22A, and G26A 
mutations formed anion-selective membrane channels, 
whereas VacA proteins containing P9A, G14A, and G18A 
mutations did not. Similarly, VacA-G13A, VacA-G22A, 
and VacA-G26A induced depolarization of HeLa cells, 
whereas VacA-P9A, VacA-G14A, and VacA-G18A did not. 
These data indicate that an intact proline residue and 
an intact G 14 XXXG 18 motif within the amino-terminal 
hydrophobic region of VacA are essential for membrane 
channel formation, and they also provide strong evi- 
dence that membrane channel formation is essential for 
VacA cytotoxicity. 
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Helicobacter pylori is a Gram-negative bacterium that colo- 
nizes the gastric mucosa of humans (1). Colonization of the 
stomach by H. pylori is a strong risk factor for the development 
of peptic ulcer disease and distal gastric adenocarcinoma (2-4). 
Within the gastric mucosa, H. pylori organisms are found pre- 
dominantly in the gastric mucus layer, but they also adhere to 
gastric epithelial cells (5). 

Adherence of H. pylori to gastric epithelial cells triggers the 
initiation of processes that ultimately result in alteration of 
gastric epithelial cell function or gastric epithelial cell death. 
One of the important effector molecules used by H. pylori to 
modulate eukaryotic cell function is a secreted toxin known as 
VacA (6-8). The secreted VacA toxin is an 88-kDa protein, 
consisting of about 821 amino acids (9). These 88-kDa VacA 
monomers spontaneously self-assemble into large water-solu- 
ble flower-shaped oligomeric complexes, consisting predomi- 
nantly of 12 or 14 monomelic subunits (10-12). When added to 
eukaryotic cells in vitro, the oligomeric form of VacA is nearly 
devoid of cytotoxic activity. However, exposure of oligomeric 
VacA to either acidic or alkaline pH results in disassembly of 
the oligomeric complexes into monomers that exhibit potent 
cytotoxic activity (10, 13-15). 

The addition of VacA to eukaryotic cells causes multiple 
alterations in cell structure and function. When VacA is added 
to cells in the presence of weak bases, the most apparent effect 
is the development of cytoplasmic vacuolation (16, 17). VacA 
also induces permeabilization of epithelial monolayers (18), 
apoptosis (19-21), depolarization of the resting membrane po- 
tential (22, 23), and it interferes with the process of antigen 
presentation (24). After binding of VacA to the plasma mem- 
brane, the toxin is internalized by cells (15, 23, 25, 26). Based 
on experiments in which cells are transiently transfected with 
VacA-encoding plasmids (27, 28), it is presumed that VacA 
cytotoxicity results from toxin action at an intracellular site. 
Endosomal compartments and mitochondria have both been 
suggested as possible intracellular sites of VacA action (19, 29, 
30). 

Water-soluble VacA molecules are able to insert into lipid 
bilayers and form anion-selective membrane channels (22, 31- 
33). It has been hypothesized that VacA cytotoxicity results 
primarily from the formation of such channels. One model 
proposes that VacA forms anion-selective channels in the mem- 
branes of endosomes, which leads to osmotic swelling of these 
compartments (for review, see Refs. 8 and 34). However, it also 
has been hypothesized that VacA cytotoxicity may result pri- 
marily from an unrecognized enzymatic activity and that the 
formation of anion-selective membrane channels may be a sec- 
ondary feature (for review, see Ref. 8). Support for the latter 
hypothesis is based on the recognition that numerous A-B type 
bacterial toxins exhibit an enzymatic activity and also exhibit a 
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capacity for membrane channel formation (for review, see Refs. 
35 and 36). 

In support of the view that VacA cytotoxicity results primar- 
ily from its capacity to form membrane channels, it has been 
reported that an inhibitor of anion-selective channels, NPPB, 1 
blocks VacA cytotoxicity (22). In addition, we have reported 
that VacA-A(6-27), a VacA mutant containing a 22-amino acid 
deletion, lacks the capacity to form membrane channels and 
also lacks cytotoxic activity (37). Unfortunately, neither of 
these experimental approaches provides conclusive evidence 
indicating that membrane channel formation is essential for 
VacA cytotoxicity. Interpretation of experiments using NPPB is 
limited by the possibility that NPPB might exert multiple 
effects on cells or on the toxin rather than specifically inhibit- 
ing VacA channel activity. Also, conclusions from experiments 
with VacA-A(6-27) are limited by the possibility that a 22- 
amino acid deletion might alter multiple functional activities of 
the toxin rather than specifically ablating channel forming 
activity. 

VacA contains a unique hydrophobic region located near its 
amino terminus, and it seems possible that such a region might 
be utilized for insertion of VacA into membranes during the 
process of membrane channel formation. In a previous study, 
^ve used a model system known as TOXCAT to analyze the 
functional role of the VacA hydrophobic region (38, 39). The 
results indicated that the VacA hydrophobic region (amino 
acids 1-32) mediated insertion of ToxR-VacA-maltose-binding 
protein (MBP) fusions into the inner membrane of 
f Escherichia coli and also mediated protein dimerization. In 
contrast, a fusion protein containing a mutant VacA hydropho- 
bic region (in which glycine 14 was replaced by alanine) in- 
serted into the inner membrane but dimerized less efficiently 
than the fusion protein containing the wild-type VacA se- 
quence. These experiments demonstrated that the VacA ami- 
no-terminal hydrophobic region is capable of inserting into 
membranes and undergoing dimerization. 

Within the VacA hydrophobic region, there are three tandem 
GXXXG motifs, which are characteristic of transmembrane 
dimerization sequences (Fig. 1). In the current study, we 
sought to investigate the functional role of these three GXXXG 
motifs in membrane channel formation and cytotoxicity and to 
clarify the role of membrane channel formation in the biological 
activity of VacA. We report here that alanine substitution 
mutations at the Gly-14 and Gly-18 positions abolish the ca- 
pacity of VacA to form membrane channels and also abolish the 
capacity of VacA to induce cytotoxic effects. We also report that 
the G 14 XXXG 18 motif is required for dimerization of VacA in a 
membrane using the TOXCAT system. These results provide 
further evidence that VacA cytotoxicity occurs via a process 
that requires membrane channel formation and indicate that 
the amino-terminal hydrophobic region of VacA plays an es- 
sential role in both membrane channel formation and 
cytotoxicity. 

MATERIALS AND METHODS 

Analysis of VacA Using the TOXCAT System— The TOXCAT system 
(Fig. 2) was originally developed by Russ and Engelman (39) to study 
transmembrane helix-helix associations in a natural membrane envi- 
ronment. In this system, a putative transmembrane (TM) sequence is 
cloned between a sequence encoding the transcription activator domain 
of Vibrio cholerae ToxR and a sequence encoding the periplasmic 
domain of the E. coli MBP. To determine whether the putative trans- 
membrane sequence mediates transmembrane oligomer! zation, the 
ToxR-TM-MBP fusion proteins are expressed in E. coli. Membrane 



1 The abbreviations used are: NPPB, 5-nitro-2-(3-phenylpropylami- 
no)benzoic acid; CAT, chloramphenicol acetyl transferase; MBP, mal- 
tose-binding protein; TM, transmembrane; wt, wild-type. 
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Fig. 1. Hydrophobicity plot of the mature secreted VacA toxin 
from H. pylori 60190 (79). The predicted hydrophobicity of the mature 
VacA toxin from H. pylori 60190 was analyzed by the method of Kyte 
and Doolittle (80). Capital letters indicate the amino-terminal sequence 
of VacA as well as a hydrophilic region of VacA which is susceptible to 
proteolytic cleavage. The underlined segments represent three tandem 
GXXXG motifs, characteristic of transmembrane oligomerization re- 
gions, located near the amino terminus of VacA. 

localization of the fusion protein is detected based on complementation 
of a nonpolar malE mutant E. coli strain. Insertion of the ToxR-TM- 
MBP fusion protein into the inner membrane, such that the MBP 
domain localizes to the periplasmic space, is detected by determining 
whether the bacteria are able to transport maltose and thus grow on 
maltose-minimal medium. Dimerization of the fusion protein is deter- 
mined based on expression of the cat gene, which is under the control of 
the dimerization-dependent transcription activator ToxR. E. coli 
strains expressing ToxR-TM-MBP fusion proteins that dimerize are 
resistant to chloramphenicol, whereas strains expressing fusion pro- 
teins that lack a dimerization sequence are sensitive to chlorampheni- 
col. Plasmid pccVacA-wt and pccVacA-Gl4A have been described pre- 
viously (38). Additional plasmids containing mutations within the vacA 
amino-terminal sequence were constructed using the method of Perrin 
and Gilliland (40). As a control, the portion of vacA corresponding to 
amino acids 295-326 was also cloned into the TOXCAT plasmid, gen- 
erating pccVacA-295/326. Chloramphenicol acetyltransferase (CAT) 
enzyme was measured by an antigen-capture enzyme-linked immuno- 
sorbent assay (Roche Molecular Biochemicals) according to the manu- 
facturer's instructions. 

Construction ofH. pylori Strains Expressing Mutant VacA Proteins — 
Plasmid pAV202 (41), which contains 567 bp of cysS t the cysS-vacA 
intergenic region, 883 bp of the vacA coding sequence from H. pylori 
60190, and a CAT gene inserted at the 3 '-terminus of cysS t was used as 
the template for all site-directed mutagenesis reactions. Mutations 
encoding single amino acid substitutions were introduced into pAV202 
using the method of Perrin and Gilliland (40) or inverse PCR (42). These 
mutations then were introduced into the H. pylori chromosomal vacA 
gene by natural transformation and allelic exchange, as described pre- 
viously (37, 41, 43). Mutants were selected on Brucella agar plates 
containing 5 ^g/ml chloramphenicol. To confirm that the desired mu- 
tations had been introduced successfully into the chromosomal vacA 
gene, fragments of the 5'-end of vacA were PCR amplified and analyzed 
by restriction endonuclease digestion and nucleotide sequence analysis. 

Purification of H. pylori VacA — H. pylori strains were grown in 
sulfite-free Brucella broth containing activated charcoal (44). VacA was 
purified in an oligomeric form from culture supernatants of H. pylori 
strains, as described previously (10). Purified VacA preparations were 
routinely acid activated before the addition of VacA to planar lipid 
bilayer chambers or cell culture wells, as described previously (13, 15). 

Planar Lipid Bilayer Methodology — Planar lipid bilayers, composed 
of egg phosphatidylcholine/dioleoylphosphatidylserine/cholesterol (55: 
15:30 mol%) dissolved in n-decane were prepared as described previ- 
ously (31, 33, 37, 41). Purified acid-activated VacA toxins were added to 
the lipid bilayers in a buffer consisting of 5 mM citric acid (pH 4.0) and 
2 mM EDTA, with the salt composition as described under "Results." 
Membrane currents were measured as described previously (37, 41). 
The potential is indicated relative to the cis side, defined as the cham- 
ber to which the protein was added. Permeability ratios were deter- 
mined from the Goldman-Hodgkin-Katz equation (45), after the mem- 
brane voltage for zero current (reversal potential) in asymmetric salt 
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Fig. 2. Schematic illustration of the 
principles on which the TOXCAT assay 
is based (39). VacA sequences (depicted as 
coiled lines) were cloned between a sequence 
encoding the transcription activator domain 
of V. cholerae ToxR (squares) and a sequence 
encoding the periplasmic domain of the 
E. coli MBP (circles) so that ToxR-VacA- 
MBP fusion proteins would be expressed. If 
ToxR-VacA-MBP fusion proteins insert into 
the E. coli inner membrane such that the 
MBP domain localizes to the periplasmic 
space, cells are able to transport maltose and 
thus can grow in maltose- minimal medium 
(designated MaD. Dimerization of the fu- 
sion proteins results in the activation of the 
dimerization-dependent transcription acti- 
vator ToxR, which leads to expression of the 
cat gene from the ToxR- activated cholera 
toxin promoter (pctx). Cells expressing cat 
are designated Cat". The figure depicts 
four possible phenotypes expressed in the 
TOXCAT assay. 
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concentrations was measured. Statistical significance was analyzed 
using Student's t test. 

Analysis of Membrane Potential ofHeLa Cells — Experiments to an- 
alyze the membrane potential of HeLa cells were performed as de- 
scribed previously (22, 23). Briefly, HeLa cells were detached with 
trypsin/EDTA, washed, and then incubated with bis-(3-propyl-5-ox- 
oisoxazol-4-yl)pentamethine oxonol (oxonol VI) (Molecular Probes) in a 
final concentration of 2.5 jam for 15 min at 37 °C. A cell suspension (2 
ml) was placed in a stirred quartz cuvette at 37 °C in a PerkinElmer 
Life Sciences LS50B fluorometer. After stabilization of the fluorescence 
signal (excitation, 585 nm; emission, 645 nm), acid-activated VacA 
toxins (final concentration 5 /ig/ml) were added to the cells, and changes 
in the fluorescence were monitored. Depolarization causes a potential- 
dependent change in the cytoplasmic/transmembrane distribution of 
the fluorophore, which is accompanied by a change in fluorescence (46). 

Cell Culture — HeLa cells were grown in minimal essential medium 
(modified Eagle's medium containing Earless salts) containing 10% fetal 
bovine serum. Acid-activated VacA preparations were incubated with 
cultured cells in a microtiter format, as described previously (13, 15). 
After incubation for 24 h, the cells were examined by inverted light 
microscopy. Samples that induced vacuolation in >50% of cells were 
scored as positive for the vacuolating cytotoxin phenotype. In some 
experiments, vacuolation was also quantified by neutral red uptake 
assay (47). 

RESULTS 

Identification of VacA Amino Acids Required for Transmem- 
brane Protein Dimerization in a TOXCAT Model System — The 
ammo-terminal hydrophobic segment of VacA contains three 
tandem GXXXG motifs, which are characteristic of transmem- 
brane dimerization sequences (Fig. 1). To investigate the role of 
these GXXXG motifs in greater detail, we used the TOXCAT 
model system (Fig. 2), which has been used to study transmem- 
brane oligomerization of proteins in a natural membrane envi- 
ronment (38, 39, 48-50). We used a previously described plas- 
mid designated pccVacA-wt (38), which encodes a fusion 
protein in which the amino-terminal 32 amino acids of VacA 
are inserted between the transcription activation domain of 
ToxR and the periplasmic domain of MBP, and which also 
contains the cat gene under the control of the V. cholerae ctx 
promoter. To examine the role of the GXXXG motifs, we used 
four related plasmids that were identical to pccVacA-wt except 



for the presence of mutations within the vacA sequence which 
resulted in substitution of the Gly-14, Gly-18, Gly-22, and 
Gly-26 residues by alanine. We also constructed two related 
plasmids containing mutations within the vacA sequence 
which resulted in substitution of the Pro-9 and Gly-13 residues 
by alanine. Pro-9 was selected for analysis because this residue 
is reported to be important for VacA cytotoxic activity (51). 
Gly-13 was selected for analysis as a control because this gly- 
cine residue is not located within a GXXXG motif. As an addi- 
tional control, a 32-amino acid segment (amino acids 295-326) 
from a predicted hydrophilic region of VacA (Fig. 1) was also 
cloned into the TOXCAT vector. When analyzed by immunoblot 
analysis using anti-MBP antiserum, each of these plasmid- 
containing E. coli strains produced ToxR-TM-MBP fusion 
proteins (Fig. 3A). 

To determine whether the putative transmembrane se- 
quences encoded by these plasmids promoted membrane local- 
ization of the ToxR-TM-MBP fusion proteins, E. coli strains 
containing these plasmids were cultured on M9-maltose me- 
dium. Consistent with previous results (38), E. coli strain 
MM39 containing pccVacA-wt was able to grow on M9-maltose 
medium, whereas MM39 with no plasmid was unable to grow 
on this medium (Fig. 3£, data not shown). As expected, E. coli 
containing pccVacA-295/326 was unable to grow on this me- 
dium. The failure of this strain to grow on M9-maltose medium 
is consistent with the failure of this VacA hydrophilic segment 
to mediate insertion of the TOXCAT fusion protein into the 
inner membrane of E. coli. Each of the plasmids containing 
mutant vacA sequences grew on M9-maltose medium, similar 
to E. coli containing the parental wild- type i;acA plasmid (Fig. 
3B). These results indicate that none of the single amino acid 
substitutions in the VacA hydrophobic region altered the ca- 
pacity of this VacA segment to mediate insertion of the ToxR- 
TM-MBP fusion proteins into a membrane. 

We next analyzed whether the mutant VacA segments were 
able to mediate dimerization of the TOXCAT fusion proteins. 
As reported previously (38), E. coli MM39 containing pc- 
cVacA-wt produced high levels of CAT, whereas E. coli MM39 



Rtnalysis of mutations in the 
Bydrophobic region using the 
1 system (39). A, expression of 
EFVacA-MBP fusion proteins. E. coli 
Strain MM39 carrying plasmid pc- 
r cVacA-wt (lane a), pccVacA-P9A (lane 6), 
pccVacA-Gl3A (lane c), pccVacA-Gl4A 
(lane d), pccVacA-Gl8A(/ane e), pccVacA- 
G22A (lane f), pccVacA-G26A (laneg), pc- 
cVacA-295/326 (lane h), and no plasmid 
(lane i) were cultured in Luria-Bertani 
medium to an A^o °f about 0.3. Equal 
culture volumes were pelleted, lysed in 
SDS-sample buffer, separated by SDS- 
PAGE, and immunoblotted using anti- 
MBP antiserum (New England Biolabs). 
B, membrane insertion of ToxR-VacA- 
MBP fusion proteins determined by 
growth on M9-maltose. E. coli strain 
MM39 carrying plasmid pccVacA-wt, pc- 
cVacA-P9A, pccVacA-G13A, pccVacA- 
G14A, pccVacA-G18A, pccVacA-G22A, pc- 
cVacA-G26A, and pccVacA-295/326 were 
grown on M9-glucose plates. Bacteria 
were resuspended in M9-maltose broth at 
an A 600 of -0.3. Strains were then spotted 
onto either M9-glucose or M9-maltose 
plates. All strains, except for MM39 pc- 
cVacA-295/326, grew on M9-maltose, in- 
dicating that the fusion proteins inserted 
into the E. coli inner membrane. C, ex- 
pression of CAT by E. coli strains. E. coli 
strains were cultured in Luria-Bertani 
medium to an of about 0.3. CAT pro- 
tein levels from each strain was quanti- 
fied using a CAT enzyme-linked immu- 
nosorbent assay. Results represent the 
mean ± S.D. from triplicate cultures. 
MM39 pccVacA-Gl4A, pccVacA-Gl8A, 
pccVacA-G26A, and pccVacA-295/326 
produced significantly less CAT than did 
MM39 pccVacA-wt (Student's t test; 
p < 5 x 10" 7 ). 
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containing no plasmid produced no CAT enzyme (Fig. 3C and 
data not shown). The control strain containing pccVacA-295/ 
326 produced barely any detectable CAT. Compared with the 
E. coli MM39 containing pccVacA-wt, E. coli containing plas- 
mids encoding P9A, G13A, and G22A mutations expressed 
similar high levels of CAT enzyme. In contrast, E. coli contain- 
ing plasmids encoding G14A, G18A, or G26A mutations ex- 
pressed significantly lower levels of CAT than did the strain 
containing pccVacA-wt. These results indicate that several gly- 
cine residues within the VacA hydrophobic region contribute to 
transmembrane protein dimerization and that the glycines lo- 
cated within the G 14 XXXG 18 motif are particularly important 
for protein dimerization in this system. 

Role of the VacA Amino-terminal Hydrophobic Region in 
Vacuolating Cytotoxic Activity — Although the experiments de- 
scribed above using the TOXCAT system provide useful in- 
sights into the function of the VacA amino-terminal segment, it 
seems possible that the conformation and function of this seg- 
ment might be considerably different in the context of the 
native VacA protein interacting with eukaryotic cells, rather 
than the TOXCAT fusion proteins interacting with the inner 
membrane of E. coli. Therefore, we next undertook studies 
designed to analyze the function of the amino-terminal hydro- 



phobic region in the context of the intact VacA protein produced 
by H. pylori. 

For these studies, we introduced mutations encoding P9A, 
G13A, G14A, G18A, G22A, and G26A into the H. pylori chro- 
mosomal uacA gene, as described under "Materials and Meth- 
ods." Each of the mutant strains expressed and secreted VacA 
proteins of the expected size (Fig. 4A). The level of VacA pro- 
duced by each of these mutant strains was lower than the level 
of VacA produced by a wild-type H. pylori strain but similar to 
the level of VacA produced by a control strain without any vacA 
mutations in which a chloramphenicol resistance cassette was 
introduced upstream from the vacA promoter, within the cysS- 
vacA intergenic region (data not shown). This indicates that the 
presence of the chloramphenicol cassette in this region results 
in diminished levels of VacA expression, presumably by alter- 
ing levels of vacA transcription (52). All of the mutant VacA 
proteins were detected as large oligomeric structures when 
H. pylori culture supernatants were fractionated by gel filtra- 
tion chromatography. Thus, although TOXCAT experiments 
indicated an apparent role for Gly-14 and Gly-18 in dimeriza- 
tion within a membrane, these residues were not essential for 
oligomerization of the intact VacA proteins in solution. It seems 
likely that oligomerization of water-soluble VacA monomers 
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involves interactions of multiple domains rather than only 
homotypic interactions of the amino-terminal hydrophobic re- 
gions of different monomers. In addition, there may be substan- 
tial differences between the structure of VacA in solution com- 
pared with the structure of VacA in a membrane. 

Next, we sought to determine the effect of the various mu- 
tations described above on the capacity of VacA to induce 
vacuolating cytotoxic effects on eukaryotic cells. Purified prep- 
arations of each of the VacA proteins were standardized by 
protein concentration, acid-activated, and then added to HeLa 

Table I 



Analysis of VacA channel forming properties and cytotoxic activity 



VacA sample 


Cytotoxic 
activity 0 


Time to - 100 pA A 


Ion selectivity 
(Pc/P No ) 


ratio c 






min 






Wild-type VacA 


+ 


44 ± 25 (n = 9) 


4.9 ± 0.9 (n 


= 9) 


P9A 




>700 (n = l) d 


NLT 




G13A 


+ 


52 ± 34 {n = 5) 


5.0 ± 0.4 (n 


= 5) 


G14A 




>760 (n = 3) d 


ND e 




G18A 




>844 (n = 4) d 


ND* 




G22A 


+ 


80 ± 45 in = 9) 


4.2 ± 0.4 (n 


= 9) 


G26A 


+ 


49 ± 17 (n = 5) 


4.9 ± 0.7 (7i 


= 5) 



a Analysis of VacA cytotoxicity was conducted by incubating purified 
acid- activated VacA proteins (20 /ig/ml) with HeLa cell monolayers. 
Proteins that induced vacuolation in >50% of cells were scored as 
positive for the vacuolating cytotoxic phenotype. Results were con- 
firmed by neutral red uptake assay (Fig. 4B). 

6 VacA preparations (30 nM, -2.7 pgfml) were added to planar lipid 
bilayers composed of egg phosphatidylcholine/dioleoylphosphatidyl- 
serine/cholesterol (55:15:30 mol%) in a buffer containing 5 mM citric 
acid, 100 mM sodium chloride, and 2 mM EDTA (pH 4). The time 
required to produce a current of 100 pA at -50 mV was then deter- 
mined. Results represent the mean ± S.D. from multiple independent 
determinations for each sample tested, n = the number of successfully 
completed experiments for each sample. 

c Reversal potential was measured in cis: 200 mM NaCl, trans: 100 
mM NaCl using 30 nM concentrations of VacA samples. The number of 
experiments is designated (n). Results represent mean ± S.D. 

d Each of these samples was tested in at least 10 different experi- 
ments. When testing these samples, the membrane frequently ruptured 
before the detection of any current (data not shown). The mean time to 
membrane rupture was 450 min. Results from experiments in which 
the membrane ruptured were excluded from our analysis. 

e ND indicates not determined. 



cells. As a control, wild-type VacA was purified from the wild- 
type H. pylori strain 60190. VacA proteins containing G13A, 
G22A, or G26A mutations each induced vacuolation of HeLa 
cells (Table I). However, quantification of VacA-induced vacu- 
olation by neutral red uptake assay (47) revealed that VacA- 
G13A and VacA-G22A were consistently less active than wild- 
type toxin from H. pylori strain 60190 (Fig. 48). In contrast to 
VacA-G13A, VacA-G22A, and VacA-G26A, VacA proteins con- 
taining P9A, G14A, or G18A mutations did not induce any 
detectable vacuolation, even at the highest protein concentra- 
tion tested (Table I and Fig. 4B). These data indicate that the 
vacuolating activity of VacA is detectably altered by several of 
the alanine substitution mutations. However, an intact proline 
and an intact G 14 XXXG 18 motif are absolutely essential for 
vacuolating activity. 

Role of the VacA Amino-terminal Hydrophobic Region in 
Formation of Channels in Planar Lipid Bilayers — To test the 
hypothesis that the G 14 XXXG 18 motif or perhaps one of the 
other GXXXG motifs contributes to the capacity of VacA to 
form anion-selective membrane channels, VacA proteins con- 
taining the mutations described above were purified from 
H. pylori broth culture supernatant. These purified proteins 
then were standardized according to protein concentration and 
were tested for the capacity to form membrane channels in a 
planar lipid bilayer system (37, 41). When tested at a VacA 
protein concentration of 30 nM, wild-type VacA formed anion- 
selective membrane channels in the expected manner, as de- 
scribed previously (Table I). VacA proteins containing G13A, 
G22A, or G26A mutations also formed membrane channels, 
with an anion selectivity similar to that of channels formed by 
wild-type VacA. The rate of membrane channel formation was 
similar among these toxins, except for a slightly slower rate of 
membrane channel formation by VacA-G22A. In contrast, for- 
mation of membrane channels by VacA proteins containing 
P9A, G14A, or G18A mutations could not be detected under 
these conditions (Table I). These results indicate that Pro-9, 
Gly-14, and Gly-18 are essential for channel formation by 
VacA. 

Role of the VacA Amino-terminal Hydrophobic Region in 
Depolarization of HeLa Cells — When added to HeLa cells, VacA 



Fig. 4. Expression and vacuolating 
activity of wild-type and mutant 
VacA proteins secreted by H. pylori. 

A, expression of VacA proteins. H. pylori 
mutant strains were grown in broth cul- 
ture, and broth culture supernatants 
were analyzed by immunoblot assay us- 
ing anti-VacA serum. Lane a, H. pylori 
60190 expressing wild-type VacA; 6, 
VacA-P9A; c, VacA-Gl3A; d, VacA-Gl4A; 
e, VacA-Gl8A; f, VacA-G22A; g, VacA- 
G26A. Each of the strains expressed and 
secreted a VacA protein. B, vacuolating 
activity. Equal amounts (20 /xg/ml) of pu- 
rified VacA proteins were added to the 
medium overlying HeLa cells. Vacuolat- 
ing activity was measured by neutral red 
uptake assay (47). Results represent the 
means ± S.D. from duplicate experi- 
ments, each performed in triplicate, and 
are expressed as the percent of neutral 
red uptake relative to control cells treated 
with wild -type VacA purified from H. py- 
lori strain 60190. 
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Fig. 5. Analysis of membrane depo- 
larization induced by mutant VacA 
proteins. VacA proteins were purified 
from H. pylori broth culture supernatants 
as described under "Materials and Meth- 
ods." HeLa cells were loaded with oxonol 
VI (a probe used to monitor membrane 
potential). After the addition of 5 /ig/ml 
acid-activated VacA proteins, changes in 
fluorescence were monitored. The arrow in- 
dicates the time at which toxin was added 
to the cuvette. Wild-type VacA, VacA- 
G26A, VacA-Gl3A, and VacA-G22A in- 
duced membrane depolarization, whereas 
VacA-P9A, VacA-G14A, and VacA-G18A 
did not. 
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forms channels in the plasma membrane, which results in 
depolarization of the resting membrane potential (22, 23). To 
analyze further the role of the VacA amino-terminal hydropho- 
bic region, we tested the capacity of each of the VacA prepara- 
tions described above to induce depolarization of HeLa cells. As 
expected, wild-type VacA induced membrane depolarization in 
a manner similar to that described previously (Fig. 5). VacA 
proteins containing G13A, G22A, or G26A mutations also in- 
duced depolarization of the resting membrane potential. In 
contrast, no depolarization was induced by VacA proteins con- 
taining P9A, G14A, or G18A mutations. Thus, P9A, G14A, and 
G18A mutations resulted in loss of the capacity to form mem- 
brane channels when analyzed in the planar lipid bilayer sys- 
tem (Table I) as well as loss of the capacity to depolarize HeLa 
cells (Fig. 5). 

DISCUSSION 

Several previous studies have shown that amino acid se- 
quences near the amino terminus of VacA play an important 
role in the process by which VacA exerts cytotoxic effects. The 
experimental system used in most of these previous studies has 
involved transiently transfecting HeLa cells with plasmids en- 
coding VacA (27, 28, 37, 51, 53-55). When analyzed in this 
manner, intracellular expression of wild-type VacA induces cell 
vacuolation, whereas intracellular expression of truncated 
forms of VacA which lack as few as 10 amino acids at the amino 
terminus fails to induce cell vacuolation (28, 53). To identify 
individual amino acids that might be important for cytotoxic 
activity, alanine scanning mutagenesis of VacA residues 6-17 
has been undertaken (51). When trans fee ted into HeLa cells, 
plasmids encoding VacA-P9A and VacA-G14A fail to induce 
intracellular vacuolation, whereas plasmids encoding other 
single alanine mutations induce cell vacuolation in a manner 
indistinguishable from wild- type VacA (51). Additional studies 
indicating the importance of amino acid sequences near the 
amino terminus of VacA have used allelic exchange mutagen- 
esis of the chromosomally encoded vacA gene in H. pylori to 
produce mutant toxins (37, 41, 43). When analyzed in this 
manner, VacA toxins in which a portion of the amino-terminal 
region was deleted (VacA-(A6-27)) or in which a 12 -amino acid 
extension was added to the amino terminus (s2/ml VacA) ex- 
hibit defects in vacuolating activity (37, 41). 

In the current study, we investigated further the functional 
role of the VacA amino terminus by analyzing a panel of mu- 
tant H. pylori toxins. In one or more assays of VacA function, 
each of the mutant toxins examined exhibited at least a partial 
diminution in activity compared with wild-type VacA. How- 
ever, the most dramatic and consistent defects were observed 
with VacA-P9A, VacA-G14A, and VacA-G18A. Our data con- 
firm results from transient transfection experiments which 



indicated that P9A and G14A mutations ablate cytotoxic activ- 
ity (51), and they indicate that a G18A mutation also ablates 
cytotoxic activity. The essential role played by Pro-9, Gly-14, 
and Gly-18 in VacA cytotoxic activity thus helps to explain the 
defect in cytotoxic activity observed in the previously charac- 
terized mutant toxin VacA-(A6-27) (37). 

It has been proposed that the cytotoxicity of VacA is depend- 
ent on the capacity of this toxin to form anion-selective mem- 
brane channels (22, 31-33, 37, 41). In the present study, we 
found that the three nontoxic mutant VacA proteins (VacA- 
P9A, VacA-G14A, and VacA-G18A) were each defective in 
membrane channel formation, whereas the other mutant VacA 
proteins retained the capacity for both cytoplasmic vacuolation 
and membrane channel formation. The results obtained in a 
planar lipid bilayer assay were similar to those obtained in a 
HeLa cell depolarization assay. Thus, the current data provide 
further support for the hypothesis that VacA channel forming 
activity is essential for the formation of intracellular vacuoles. 
However, the current data do not exclude the possibility that 
VacA may have other biological activities in addition to the 
capacity for channel formation. 

Studies of the mutant toxin VacA-A(6-27) indicated that the 
VacA amino-terminal hydrophobic region does not play a role 
in toxin binding to HeLa cells or toxin internalization by cells 
(37), but they suggested that the amino-terminal hydrophobic 
region plays a role in membrane channel formation. The anal- 
ysis of mutant toxins containing single alanine substitutions in 
the current study now provides strong evidence that the amino- 
terminal hydrophobic region plays an essential role in mem- 
brane channel formation. It may be presumed that the VacA 
amino-terminal hydrophobic region either forms part of the 
channel or plays an indirect role by stabilizing the structure of 
the channel. In support of the former possibility, analysis of the 
predicted hydrophobicity of VacA suggests that the amino- 
terminal segment is the only contiguous stretch of hydrophobic 
amino acids long enough to span a membrane, and results 
obtained using the TOXCAT system indicate that this amino- 
terminal hydrophobic region is indeed capable of insertion into 
a membrane (Ref. 38 and the present study). It is not uncom- 
mon for the pores of ion channels to be lined with hydrophobic 
amino acids (56-58). However, it is possible that, in addition to 
the amino-terminal hydrophobic region, other VacA sequences 
may also insert into the membrane to form a functional chan- 
nel. In support of this hypothesis, results of several studies 
have suggested that multiple regions of the VacA protein are 
capable of inserting into lipid membranes (59-61). 

The appearance of VacA oligomers associated with mem- 
branes, as well as the kinetics of membrane channel formation 
by VacA, suggest that VacA channels are hexameric structures 
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(10, 12, 31, 33). It seems likely that multiple VacA-VacA inter- 
actions contribute to the formation of VacA membrane chan- 
nels. Results obtained using the TOXCAT system indicate that 
the VacA ammo-terminal hydrophobic region is capable of me- 
diating dimerization within a membrane environment (Ref. 38 
and the present work). In addition, previous studies have pro- 
vided evidence indicating the occurrence of interactions be- 
tween other domains of the toxin (54, 55, 62). The existence of 
multiple VacA-VacA interaction domains may explain why de- 
letion of the ammo-terminal hydrophobic region does not dis- 
rupt the formation of VacA oligomeric structures in solution 
(37). 

VacA sequences containing G14A and G18A mutations ex- 
hibited defects in the TOXCAT assay of protein dimerization, 
whereas the P9A mutation did not alter the activity of the VacA 
sequence in this assay. This suggests that the P9A mutation 
alters VacA function in a manner different from the effects 
conferred by the G14A and G18A mutations. Proline residues 
are known to be associated with turns or bends in secondary 
structure, and therefore we speculate that the P9A mutation 
alters the secondary structure of VacA within this region. 
GXXXG motifs (such as that formed by Gly-14 and Gly-18) are 
known to be important in the ability of transmembrane a-hel- 
ices to form homo-oligomers within a membrane environment 
(38, 39, 48-50). The significance of the GXXXG motif has been 
most widely studied using glycophorin A as a model transmem- 
brane protein (39, 63-66). In addition, the importance of 
GXXXG motifs has been reported in a variety of other trans- 
membrane proteins (49, 67-69). Recently, the GXXXG motif 
has been identified as a motif involved in helix-helix interac- 
tions in soluble proteins as well (70). Thus, the inactivity of 
VacA sequences containing G14A and G18A mutations in the 
TOXCAT system is consistent with the established role of 
GXXXG motifs in protein-protein interactions. 

The structure of the membrane insertion domain is known 
for only a few bacterial toxins. In the case of toxins such as 
colicins and the 6-endotoxins of Bacillus thuringiensis, the 
membrane insertion domain consists of a bundle of hydro- 
phobic and amphipathic a-hebces (71, 72), and in the case of 
toxins such as Staphylococcus aureus a-toxin and 
Clostridium perfringens perfringolysin O, the membrane inser- 
tion domain consists of a |3-barrel (73, 74). Like VacA, the 
a-toxin from S. aureus also contains three tandem copies of the 
motif GXXXG (75). However, unlike the VacA amino-terminal 
hydrophobic region, the glycine-rich region of a-toxin is am- 
phipathic. Structural analyses have indicated that this glycine- 
rich or "hinge" region of a-toxin inserts into the membrane of 
sensitive cells to form a transmembrane /3-barrel (76-78). 
Thus, although GXXXG motifs are frequently associated with 
transmembrane a-helices (48), these motifs occasionally may 
be found within transmembrane ^-barrels (76-78). In future 
investigations, it will be important to correlate the functional 
studies of the VacA amino-tertninal hydrophobic region de- 
scribed in this study with high resolution structural analysis of 
VacA membrane channels. 
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